From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 18 of 240 



PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 ; 
A61L 2/00 



A2 



(11) International Publication Number: 
(43) International Publication Date: 



WO 99/32157 

1 July 1999 (01.07.99) 



(2 1 ) International Application Number: PCT/US98/27330 

(22) International Filing Date: 18 December 1998 (18.12.98) 



(30) Priority Data: 
08/996,749 



23 December 1 997 (23. 1 2.97) US 



(71) Applicant: BlOSAFE, [NC [US/US]; Two Gate-way Center, 

Lower Level, Pittsburgh, PA 15222 (US). 

(72) Inventors: MORGAN, Harry, C; 5821 Darlington Road, 

Pittsburgh, PA 15217 (US). MEIER, Joseph, F.; 2375 
Harrison City Road, Export, PA 15632 (US). MERKER, 
Robert, L.; 124 Sebald Lane, Pittsburgh, PA 15237 (US). 

(74) Agents: WETTACH, Thomas, C. et ah; Titus & McConomy 
LLP, Fout Gateway Center, Pittsburgh, PA 15222 (US). 



(81) Designated States: CA, CN, JP, MX, European patent (AT, 
BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, 
MC, NL, PT, SE). 



Published 

Without international search report and to be republished 
upon receipt of that report. 



(54) Title: METHOD OF CREATING A BIOSTATIC AGENT USING INTERPENETRATING NETWORK POLYMERS 



(57) Abstract 



Applicants * invention is a method for creating an interpenetrating network on the surface of devices and supplies that is biocompatible 
and antimicrobial. According to Applicants* invention, a polymerizable or monomeric quaternary ammonium salt in a solvent is exposed 
to a polymeric substrate. The quaternary salt in solvent is absorbed by the polymeric substrate and the quaternary salt is polymerized such 
that an interpenetrating network is formed' with said polymeric substrate. 



PAGE 18/240 ■ RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 * DNIS:2734796 ■ CSID:925-226-4995 * DURATION (mm-ss):B2-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 19 of 240 



FOR THH PURPOSES OF INFORMATION ONLY 
Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


KK 


France 


LU 


Luxembourg 


SN 


Senegal 


AD 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


UA 


Bosnia and Herzegovina 


G£ 


Georgia 


Ml> 


Republic of Moldova 


TC 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


RE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


11K 


HurkinH Fhno 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


U.\ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BK 


Brazil 


[L 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


UZ 


Uzbekistan 


CK 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


cn 


Congo 


KE 


Kenya 


NL 


Ketherlonda 


YU 


Yugoslavia 


cn 


Switzerland 


KG 


Kyrgyistan 


NO 


Norway 


ZW 


Zimbabwe 


CI 


Cote dTvoire 


KP 


Democratic People's 


N7. 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






CU 


Cuba 


KZ 


Koxakatan 


RO 


Romania 






cz 


Czech Republic 


ix; 


Saint Lucia 


RU 


Russian Federation 






PE 


Germany 


U 


UicchrenjteiTi 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






RF 


Estonia 


LR 


Liberia 


SC 


Singapore 







PAGE 19/240 • RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time) * SVR:USPTO-EFXRF-1/25 * DNIS:2734796 * CSID: 925-226-4 995 • DURATION (mm-ss):82-12 



From: Gerry J. Bman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 20 of 240 



WO 99/32157 



PCT/TJS98/27330 



METHOD OF CREATING A BIOSTATIC AGENT 
USING INTERPENETRATING NETWORK POLYMERS 



BACKGROUND 



Quaternary ammonium salts have the general formula of: 



(1) 



[<CHj) 4 Nrx- 



where X is a halogen such as iodine, chlorine or bromine. A variety of quaternary 
ammonium compounds are available and widely used as disinfectants and biocides and to 
treat items that may undesirably support microbial growth. For example, quaternary 
ammonium salts are used to treat carpeting, walls, various commercial products such as 
sponges and fabrics, and even water. They are also used to rehabilitate "sick buildings, u 
particularly after floods and water leaks, and reduce odors caused by mildew, fungus and 
bacterial growth in damp basement areas. 

Most quaternary ammonium salts commercially available are generally pre- 
packaged in water or alcohol solutions of approximately 2-3% or less quaternary salt 
concentration. They are applied to substrates such as carpets, walls, floors, to kill the 
bacteria. The method of application often relies on delivering the quaternary ammonium 
salt in a fine spray. When treating fabrics, sponges, bedding, and similar products, the 
concentration of the quaternary ammonium salts generally can be much lower, e.g., less 
than 1%. 

Despite knowledge of the common usage of quaternary ammonium salts for 
imparting antimicrobial properties, a method was not known for treating medical devices 
and supplies and other consumer products that was biocompatible. 
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Applicants* method uses quaternary ammonium salts of the general formula of: 
R, R 2 R, 
\ / / 
(2) *C1 + N - <CH 2 ) 3 - Si - 

\ \ 

wherein R, and R 2 are methyl (-CH 3 ) groups; R 3 is octadecyl (CH 3 (CH 2 ) !7 -); and R<, R 5 
and R^ are methoxy (-OCH 3 ) groups. Applicants' method can be used to treat, either 
during or after manufacture, textile materials, particularly medical devices and supplies, 
such that such devices and supplies have long-lasting, non-leaching, biocidal properties on 
the surface and are not toxic to the host organism. The treatment involves convening the 
methoxy groups to OH groups through hydrolysis and then polymerizing through 
condensation of the OH groups to form siloxane bonds and water. 

More specifically, because catheter infections are the leading cause of hospital or 
long-term care infections, numerous attempts have been made to create a catheter that is 
antimicrobial. Most antimicrobial catheters rely on the impregnation of antibiotics to 
achieve a catheter that is resistant to bacterial infection. Unfortunately, this use of 
antibiotics results in increased resistance to antibiotics, a significant problem for immuno- 
compromised patients. It also leads to the subsequent long-term inefficacy of such 
catheters. 

Further, some antimicrobial catheters use a coating treatment to provide a vehicle 
for entrapping drugs onto the catheter surface but permit subsequent diffusion into the 
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biological environment. Many such treatments rely upon a polyurethane in a solvent to 
entrap antibiotic pharmaceutical agents. 

Thus, despite numerous and concerted efforts, a cost-efficient method has not been 
devised 10 impart non-leaching, biocompatible, antimicrobial properties to surfaces. In 
particular, despite the long felt need for such method or device in the catheter industry, 
until Applicants' invention, no such method or device existed. 

Interpenetrating polymer networks (IPNs) are well known in the art. They are 
prepared in a variety of ways and the technical literature is replete with the technology for 
the manufacture of such IPNs. The most common ways to create IPNs are (1) by 
blending two or more polymers in an internal mixer using temperature, mixing time and 
torque to obtain a blended or grafted IPN, and (2) by "swelling," i.e., expanding, a 
higher polymer with a monomer or a solution of a monomer and polymerizing the 
monomer to a polymer in situ. 

In this latter case, when monomer (A) is polymerized to form a polymer (A) in a 
host or substrate polymer (B), such as silicone or polyurethane elastomer, a high degree 
of permanence can be established for polymer A, That is, polymer A can only be 
removed to a limited degree when the IPN is extracted by an organic solvent or water. 
Therefore, such an IPN has long term stability. 

However, until now, IPNs of polymerized quaternary ammonium salt monomers 
have not been used to impregnate the surfaces of medical devices and supplies to impart 
antimicrobial properties to such devices and supplies. Applicants* technique accomplishes 
this in such a manner that does not compromise their biocompatibility. 
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It is an object of this invention to provide a method for creating an interpenetrating 
network on the surface of devices and supplies that is biocompatible and antimicrobial* 

It is a further object of the invention to provide a method for creating a 
biocompatible and antimicrobial surface for consumer products. 

It is an object of the invention to incorporate antimicrobial activity into devices 
that may be implanted in or used on living organisms. 

It is a further object of the invention to provide an antimicrobial catheter that is 
not dependant on antibiotic drugs for antimicrobial activity. 

It is an object of this invention to provide a process for creating a polymeric 
coating having antimicrobial properties that can be applied to various medical device and 
supply surfaces. 

Other objects of the invention will be obvious upon reading the following 
specification and claims. 

FIELD OF INVENTION 

This invention relates to a novel way to treat surfaces such that they have a non- 
leaching antimicrobial property that is not dependant on antibiotic drugs. The method 
described herein may be used to prepare or treat biocompatible devices or other products 
and impart antimicrobial properties to surfaces through coatings containing the 
antimicrobiaL 

SUMMARY OF THE INVENTION 

Applicants' method is a technique for impregnating a surface with quaternary salts 
that have antimicrobial characteristics and are polymerizable. Applicants' technique calls 
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for the creation of an IPN of the quaternary salt in or on the material to be treated. In 
one embodiment of Applicants' method, the quaternary salt is polymerized after it has 
penetrated the surface of the host polymer, i.e., the polymer on the surface of the device 
or product to be treated. The depth of the penetration of the quaternary salt in the host 
polymer is controlled by the period of time that the polymeric substrate is exposed to the 
solution containing the quaternary salt, and solvent power, i.e., how much of the solvent, 
is adsorbed by the subject device or product during the exposure period. The solvent 
power is reflected by the weight gain of the subject device or product during the exposure 
period. 

After the quaternary salt monomer has been absorbed by the host polymer, the 
quaternary salt is polymerized to form an interpenetrating network polymer (IPN). Such 
polymerization preferably is achieved by using 0.1 N NaOH, 0.1 N HO, heat or a 
combination thereof. The presence of the interpenetrating polymer (i.e., the active 
quaternary ammonium group) has been substantiated by a dye test using bromophenol 
blue. The longevity or permanence of the quaternary ammonium group has been 
demonstrated by dye testing the treated material after repeatedly challenging the treated 
host substrate with multiple hot (e.g., 140°F) water rinses, aging treated samples with 
forced air or in a microwave oven, and subjecting the treated sample to repeated 
autoclave cycles (270°F for 30 minutes). 

As the following non-limiting examples show, the IPNs of silicone and 
polyurethane rubber, including silicone and polyurethane rubber catheters, treated 
according to Applicants* method, have been shown to possess the ability to kill bacteria, 
fungi and molds. 
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In other embodiments of Applicants' invention, a non-leaching antimicrobial IPN 
is created within the cavities and pores of the material to be treated. This embodiment 
does not require that the material to be treated be swelled. Rather, the quaternary salt 
monomer/solvent are absorbed into the pores, the solvent is evaporated and the monomer 
is polymerized within and through the pores of the substrate. In this manner the 
polymerized quaternary salt is "anchored" to the substrate through a physical interaction 
or blending. The level of quaternary salt polymer should be less than about 5% by 
weight on the substrate to minimize the decrease of air flow through the polymer 
substrate. 

Another embodiment of Applicants' invention provides for the creation and 
application of a polymeric coating that can be applied to a variety of non-polymeric 
surfaces. 

PREFERRED EMBODIMENTS 

Applicants' method uses the technology of swelling a host polymer with a solvent 
solution of quaternary ammonium salt. Preferably, the solvent is selected based on its 
ability to swell rapidly the host polymer the desirable amount without significantly 
disrupting the integrity of the underlying host substrate. Even more preferably, the 
appropriate and necessary amount of swelling of the host substrate, e.g., as reflected by 
an approximately 20 to 50 percent weight gain of the solvent and quaternary salt, occurs 
within 10 minutes or less after exposure to the solvent. Even more preferably, the 
boiling point of the solvents are relatively low to facilitate the removal, i.e.. the 
evaporation, of the solvent from the substrate being treated. The following non-limiting 
examples reflect application of Applicants 1 invention. 
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Example One - 



Quaternary ammonium salt IPN polymer on 
thermoplastic polyurethane rubber catheters (TPU) 



Applicants* method was applied to a commercially available polyurethane rubber 
catheter, i.e., the host polymer. A solvent solution of quaternary ammonium salt was 
employed. Specifically, commercially available quaternary ammonium salt products were 
used that provided for different concentrations of a quaternary salt in methanol solution. 
The selected solvent was used to prepare 1-5% solutions of quaternary ammonium salt in 
ethyl acetate. This solvent was chosen because of its ability to rapidly induce the 
swelling of the underlying substrate polymer. The solvent in this example caused a 
thermoplastic polyurethane rubber catheter to exhibit approximately 30% weight gain in 
approximately 5 minutes. Such swelling was measured by weight gain attributed to the 
solvent and quaternary ammonium salt when compared with an untreated device or 
product. The catheter hub swelled slightly less than the catheter tube as the following 
Table 1 shows: 

Immersion Time 

in Ethyl Acetate % wt. gain 

5% Quaternary Ammonium % wt. gain Hub from 

Salt, minutes of TPU Catheter Catheter 



This disparity in weight gain between the hub and the other portions of the catheter tube 
may be caused by the hub being thicker in cross section than the catheter tube or the hub 
being made of a different thermoplastic polyurethane. 



2 
5 

10 



16.8 
15.4 
30.8 
40.5 



8.7 

13.8 

20.8 
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After swelling in ethyl acetate, the swollen catheter was immersed in 0.1 NaOH to 
accelerate the polymerization of the quaternary ammonium salt. The clear 0. 1 N NaOH 
solution became slightly cloudy indicating that some of the monomeric quaternary 
ammonium salt was dissolved or leached from the surface of the catheter and polymerized 
in the 0.1 N NaOH solution. However, a significant amount of polymerized quaternary 
ammonium salt remained on the surface and penetrated the catheter wall to a slight 
degree. 

Standard Test A - Bromophenol Blue Testing 

Successful treatment of the catheter was verified by exposing the treated catheter 
surface to bromophenol blue which colors the substrate blue in the presence of 
monomeric or polymeric quaternary ammonium salt, Additionally, a treated catheter 
segment was subjected to a 5 x series of hot water rinses (140°F tap water 200:1 on a 
shaker for 3 minutes) followed by a test with bromophenol blue. This sample also turned 
blue indicating that the IPN retained its activity and was not easily extracted. If desired, 
deeper penetration of the catheter wall can be achieved by increasing the immersion time 
or using a more powerful solvent. However, more powerful solvents or longer exposure 
time in the solvents, could result in a longer drying time to reduce the retained solvent 
content to acceptable levels. Further, the length of the exposure time must be calibrated 
for non-crosslinked polymers to ensure that the integrity of the underlying product or 
device to be treated is not compromised. 
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Standard Test B - Bio Testing of TPU Catheters 

Catheters treated as described above, were submitted for and subjected to 
biotesting, i.e., testing for efficacy in living organisms. In one experiment, 
staphylococcus epidermidis (ATCC 12228) was harvested from a secondary working 
culture and grown to a concentration of approximately lxlO 8 CFU/ml. Ten colonies were 
incubated at 35-37°C for 4 hours in trypticase soy broth ("TSB"). The culture was 
diluted to 10 lxlO 5 CFU/ml by serially diluting in sterile, room temperature phosphate 
buffered solution. Test and control groups were comprised each of fifteen LOcm 
segments sectioned from a commercially available catheter that was not coated with any 
known antimicrobial compound. Ten ml of inoculum was pipetted onto each test and 
control segment and air dried at room temperature for 35-40 minutes. Each segment was 
placed in a vial containing 3.0 ml of sterile, room temperature TSB. The vials were 
shaker incubated (110 rpm at 35-37°C). After 1.0 hour of incubation, five vials 
containing test segments and five vials containing control segments were removed. The 
segments were removed from each vial. Each vial was vortex mixed, on high speed, for 
two minutes. The TSB in each vial was sampled (1.0 ml) and serially diluted six times in 
sterile, room temperature phosphate buffered solution for drop counting. This process 
was repeated for test and control vials after 4 and 20 hours incubation. 
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The results are summarized in Table 2 as follows: 

Table 2 - Summary of Results. CJpq/ml 



Dilution 
Level 


Control 
Segments 


1 hour 


Micro organism 
Incubation time 
4 hours 


Concentration 
20 hours 


1:10 


c, 


TFTC 


2.0xlG 3 


6.3x10 s 


1:100 




TFTC 


2.0x10* 


6.1x10 s 


1:1.000 


c, 


TFTC 


1.5xl0 3 


1.0X10* 


i * i n nnn 




lr I L 


TFTC 


6.9x10 


1:100,000 


C s 


TFTC 


1.6xl0 3 


7.7xl0 8 


Dilution 
Level 


Treated 

Segments 


1 hour 


Incubation Time 
4 hours 


20 hours 


1:10 


T, 


TFTC 


TFTC 


TFTC 


1:100 


T 2 


TFTC 


TFTC 


TFTC 


1:1,000 


Tj 


TFTC 


TFTC 


TFTC 


1:10,000 


T< 


TFTC 


TFTC 


TFTC 


1:100,000 


T 5 


TFTC 


TFTC 


TFTC 



TFTC = Too few to count (<30 CFU/ml) 



These results indicated that the treated segments produced an inhibitory effect on 
the growth of s. epidermidis (ATCC 12228), Two routes of inhibition are possible: (1) 
contact inhibition, beginning with the initial inoculation of the catheter segments (either 
occurring in a dry environment or occurring when the coating moistened while in the 
TSB); or (2) while submerged in the TSB. the coating's inhibitory agent leached from 
the segment surface and circulated freely within the TSB. 
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Standard Test B2 - Bio Testing with C. albicans 



To confirm thai the treated catheters are resistant to a variety of bacterial 
organisms, a series of tests were conducted using Candida albicans, ATCC 10231. C. 
albicans was harvested from a secondary working culture and grown to a concentration of 
about 10 7 CFU/ml (20 colonies incubated in 5.0 ml TSB at 35-37°C for 4 hours and 100 
rpm). The culture was diluted to 1x10 s CFU/mi by serially diluting in sterile, room 
temperature TSB. As described for the foregoing test with S. epidermidis. Test and 
control groups were established each having fifteen 1.0 cm segments that were sectioned 
from a commercially available catheter, where the test group was from a treated catheter 
and the control group was from an untreated catheter. Ten ml of inoculum was gently 
pipetted onto each test and control segment and air dried under laminar air flow for 35-40 
minutes. Each segment was then placed into a sterile vial containing 3.0 mi of TSB. 
The vials were shaker incubated (100-110 rpm) at 35-37 fl C. After four hours of 
incubation, five vials containing test segments and five vials containing control segments 
were removed from incubation and the segments removed from the vials. The TSB in 
each vial was sampled {1.0 ml) and serially diluted four times in sterile, room 
temperature phosphate buffered solution ("PBS") for drop counting. The process was 
repeated for samples removed at 8.0 and 20.0 hours of incubation. 
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The data from these tests is summarized in Table 3 as follows: 



Dilution 
Level 


Control 
Seements 


4 hours 
Incubation 


8 hours 
Incubation 


20 hours 
Incubation 


1:10 


c, 


TFTC 


TFTC 


4.1X10 5 


1:100 


c 2 


TFTC 


TFTC 


. 7.5X10 5 


1:1,000 


c, 


TFTC 


TFTC 


4.1X10 5 


1:10,000 


c 4 


TFTC 


TFTC 


6.8X10 5 


1:100.000 




TFTC 


TFTC 


1.9xl0 5 


Dilution 
Level 


Treated 
Seements 


4 hours 
Incubation 


8 hours 
Incubation 


20 hours 
Incubation 


1:10 


T, 


TFTC 


TFTC 


TFTC 


1:100 


T 2 


TFTC 


TFTC 


TFTC 


1:1,000 


T, 


TFTC 


TFTC 


TFTC 


1:10,000 


T 4 


TFTC 


TFTC 


TFTC 


1:100,000 


T 5 


TFTC 


TFTC 


TFTC 



TFTC = Too few to count ( < 30 CFU/ml) 
From these data it can be concluded that the treated catheter segment had an 
inhibitory effect against C. albicans when compared to an untreated control. The 
experimental results indicate that the material from treated catheters does not leach when 
in PBS. Thus, the inoculum is inhibited upon contact with the treated catheter surface, 
either during the inoculum drying period or while immersed in TSB: 
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Standard Test B3 - Bio Testing with S. aureus MR 

Staphylococcus aureus {ATCC 33591) was harvested from a secondary working 
culture and grown to a concentration of IxlO 8 CFU/ml. Ten colonies were incubated for 
five hours in TSB at 35-37° and 100 rpm. As described above, the culture was serially 
diluted to obtain a culture concentration of 1x10 s CFU/ml. 

Fifteen test and Fifteen control group catheter segments, each 1.0 cm, were 
sectioned from a commercially available catheter. Ten ml of the 10 5 inoculum was gently 
pipetted on each catheter segment and allowed to dry under a laminar air flow for 30-35 
minutes. Each segment was placed in a sterile vial containing 3.0 ml of TSB. The vials 
were shaker incubated (100-110 rpm) at 35-37°C. After four hours of incubation, five 
vials containing test segments and five vials containing control segments were removed 
from the incubator. The segments were removed from the vials and the TSB was vortex 
mixed on high speed for 2 minutes. The TSB in each vial was sampled (1.0 ml) and 
serially diluted four times in sterile, room temperature PBS for drop counting. Samples 
were also taken after 4 and 20 hours of incubation, diluted six times and drop counted to 
determine organism concentration. 
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These data are summarized in the following Table 4: 

Table 4 - Micro Organism Concentration 



Dilution 


Control 
Segments 


1 hour 


Incubation 

4 hours 


20 hours 


1:10 


c, 


TFTC 


7.7xl0 4 


9.5x10' 


1:100 




2333 


6.7xl0 4 


7.3x10' 


1:1,000 


c 3 


2000 


8.1xl0 4 


6.3x10' 


1:10,000 


c< 


TFTC 


7.5xl0 4 


9.5xl0 6 


1:100,000 


c 5 


TFTC 


6.8xl0 4 


* 


* contamination made counting S. aureus colonies impossible to re« 


Dilution 
Level 


Treated 
Segments 


1 hour 


4 hours 


20 hours 


1:10 


T, 


TFTC 


TFTC 


8.8xl0 5 


1:100 


T> 


TFTC 


TFTC 


3.8xl0 4 


1:1,000 


T> 


TFTC 


TFTC 


TFTC 


1:10,000 


T« 


TFTC 


TFTC 


2.3x10* 


1:100,000 


T s 


TFTC 


TFTC 


4.7x10* 



TFTC = Too few to count (< 30 CFU/ml) 

These data reveal that Applicants' method significantly reduced, but did not 
completely inhibit, the growth of methicillin resistant S. aureus (MRSA). The untreated 
control segments showed no sign of inhibiting the growth of MRSA. 
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Standard Test C - Assay of Agent Leaching 

One cm catheter segments, treated with Applicants' method, were placed in five 
vials with 30 ml of PBS each, and shaker incubated (100 rpm) at 35-37° for 20 hours ± 5 
minutes. These were assayed for active ingredient with ultraviolet light ("UV") or 
infrared ("IR") from 200 to 1000 nm. Similarly, control catheter segments were prepared 
and evaluated using UV or IR. No difference between control and test spectra were 
observed. 

In another test, five segments, each 0.5 cm long, of catheters treated with 
Applicants ' method were vertically inserted into 20 ml ± 5 ml trypticase soy agar 
(TSA") inoculated with 1-2 x 10 6 CFU/ml of s. epidermidis (ATCC 12228). The petri 
dish containing the agar (TSA) and segments was incubated at 35-37* for 24 hours ±15 
minutes in air. The area around each catheter segment was examined for reduction or 
inhibition of microbial growth visible in the size and/or density of colonies, i.e, the zone 
of inhibition ("ZOI"). The size of any area of inhibition was measured. Control samples 
also were established. The data obtained are summarized below in Table 5: 

Assay 

Part Group., Media Organism Segment Numbers 

12 3 4 5 Avre. 



c 


Test 


TSA 


S. epidermidis 


0.0 0.0 0.0 0.0 0.0 


0.0 


D 


Test 


STSA 


S. epidermidis 


0.0 0.0 0.0 0.0 0.0 


0.0 


E 


Control 


TSA 


S. epidermidis 


o.o o.o b.o o.o o.o 


0.0 


F 


Control 


STSA 


S. epidermidis 


0.0 0.0 0.0 0.0 0.0 


0.0 


G 


Test 


TSA 


C. albicans 


0.0 0.0 0.0 0.0 0.0 


0.0 


H 


Test 


STSA 


C. albicans 


0.0 0.0 0.0 0.0 0.0 


0.0 


I 


Control 


TSA 


C. albicans 


0.0 0.0 0.0 O.O 0.0 


0.0 
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J Control STSA C. albicans 0,0 0.0 0.0 0.0 0.0 0.0 

Wherein S. epidermidis is ATCC 12228; STSA is soft trypticase soy agar and C. albicans 
is ATCC 10231. 

The ZOI screening test produced no visible reduction in density of colonial growth 
of either S. epidermidis or C albicans after 24 hours of exposure. 

The spectrometry and ZOI evidence indicates that substantial leaching of active 
compound from the treated catheters does not occur. Accordingly, Applicants' invention 
allows beneficial bacteria to exist in biological systems but does not permit the growth of 
bacteria on treated surfaces. Further, because the active compound does not leach, 
Applicants' method operates to permanently impart the antimicrobial characteristic to the . 
treated surface. 

Example Two - Quaternary ammonium salt IPN polymer on silicone catheters 

In another set of experiments, Applicants evaluated various solvent mixes to 
determine the degree of swelling of commercially available silicone catheters. The 
purpose of these experiments was to identify solvent blends that would result in excess of 
25-30% weight gain after a 5 minute immersion. Thirty percent or more weight gain has 
been deemed the weight gain reflecting optimization of adequate penetration of the solvent 
(and the quaternary ammonium salt dissolved in the solvent) into a silicone rubber matrix. 
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The swelling results are shown below in Table 6 using a commercially available silicone 
rubber catheter: 

Approximate 
Immersion 

Solvent Mixture Time. Min. % Wt. Gain 

75 methanol 

25 THF 0.25 6.3 

75 methanol 

25 THF 5.0 6.3 

50 methan ol 

50 THF 5.0 24.6 

25 methanol 

75 THF 5.0 52.3 

0 methanol 

100 THF" 5.0 85.1 

Applicants used 25 methanol/75 THF solution and approximately 52% weight gain 
for these experiments. Again, catheters were exposed to a 5% solution of quaternary 
ammonium salt in 25 methanol/75 THF followed by 5 minute exposure to 0.1 N NaOH, 
approximately 30 minutes to an hour air drying, followed by forced air drying. 

Standard Test A - Bromophenol Blue Testing 

The bromophenol blue test was used on the treated silicone catheter which 
indicated the presence of the impregnants by the surface of the treated catheter turning 
blue. As with the polyurethane catheter, the silicone catheter was given a 5x series of 
rinsings in 140°F hot water of 3 minutes at approximately 200:1 on a shaker with 
vigorous agitation. Retesting with bromophenol blue dye indicated that the polymerized 
quaternary ammonium salt was not extracted from the body of the catheter. 
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Standard Test B - Bio Testing of Silicone Catheter Segments 

Samples of untreated silicone catheter (control) and a treated catheter were 
evaluated against S. epidermidis. The challenge organism, S. epidermidis, was harvested 
and standardized to 1 x 10* CFU/ml. The suspension was diluted to approximately 1 x 
10 s CFU/ml. Several one cm pieces of each type of catheter were inoculated with 0.01 
ml of the 10 3 CFU/ml suspension to give a final inoculum of 1 x 10 3 CFU per piece. 
Each piece was allowed to dry in a sterile dish for approximately 10 minutes and then 
placed in a vial containing 3 mis of TSB. The vials were incubated at 32-35 °C for two 
days and evaluated for growth. The treated catheters killed the challenge organism. By 
challenging the TSB from the vials showing no growth without the catheters, Applicants 
demonstrated that the treated catheters did not leach the antimicrobial agent. 

Additional silicone catheter segments were tested for ZOI against S. epidermidis, 
S. aureus and C. albicans with no evidence of leaching. The results are shown below in 
Table 7: 



Catheter 

Sample Identification S. epidermidis S. aureus C. albicans 

Silicone rubber control 0.0 0.0 0.0 

Treated silicone rubber catheter, 0.0 0.0 0.0 



Although Applicants' experiments focused on the application of Applicants' 
method to catheters, it is readily apparent to those skilled in the art, that other polymeric 
surfaces, particularly those present in medical devices, may be subjected to Applicants's 
method. 
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' Standard Test C - In Vivo Bio Testing of Silicone Catheter Segments 

In one experiment, a silicone catheter was prepared as described above using a 5% 
solution of quaternary ammonium salt in toluene solvent and followed by polymerization 
using 0.1 N NaOH as a catalyst and heat to remove residual solvent. This treated 
catheter was implanted in a rabbit to determine whether Applicants' method, when applied 
to a catheter, inhibits bacterial growth following active challenge with an organism at the 
site of implant. The treated catheter was implanted subcutaneously and S. aureus in a 
volume of 50 jxl was deposited at the site. A control catheter was implanted in another 
animal. After 15 days of implantation, the treated and untreated catheters were removed, 
streaked across an agar plate, incubated and the colonies were counted. The colonies 
generated by the untreated catheter were too numerous to count (greater than 100) while 
only seven colonies were generated by the treated catheter. The test protocol and test 
results reflect the effectiveness of treating catheters with a polymerized quaternary 
ammonium salt. 

As the foregoing experiments demonstrate. Applicants' method can be used to 
create a catheter having non-leaching, antimicrobial properties. Imparting such a 
characteristic to a catheter that has leaching antimicrobial properties, e.g., one that has 
antibiotics impregnated therein, may result in a catheter that is able to address an existing 
systemic infection that may affect the catheter surface. Applicants' process does not 
preclude the addition of antibiotics as a coating surface. Thus antibiotics can be used in 
conjunction with a surface that has been treated according to Applicants' method. 

Although Applicants' experiments focused on the application of Applicants* 
method to catheters, it is understood that other polymeric surfaces, particularly those 
present in medical devices and supplies, may be subjected to Applicants' method. 

i 
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Example Three - IPN in porous substrates 

Another embodiment of Applicants* method does not require the host polymer 
substrate be capable of being swelled in a solvent. In this embodiment, the quaternary 
salt monomer/solvent mixture is allowed to penetrate the pores or interstices of the host 
polymer or substrate , the solvent is evaporated and the quaternary ammonium salt 
monomer is polymerized in situ. Polymerization is accomplished by heat, 0.1 N NaOH, 
0. 1 N HCl or a combination thereof. This results in an IPN in which the quaternary salt 
polymer is entangled in the pores of the host polymer or substrate. Applicants have used 
their method in host polymers having pores of approximately 2 microns. The host 
substrate can be a polymer such as Teflon or a variety of plastic or sponge-like materials 
such as foams and includes natural products such as paper. Using this procedure the 
quaternary salt polymer/host polymer IPN is highly stable and exhibits permanence as 
evidenced by (1) resistance to 5X hot water rinses for three minutes at 140 °F and (2) 
resistance to up to 10 autoclave cycles for 30 minutes at 270°F. In each case, the blue 
dye test demonstrate the presence of the quaternary ammonium salt polymer after 
exposure to the elevated temperature. 

Example Four - IPN Coating 

Further, it is apparent that Applicants ' method may be used to create a polymeric 
IPN coating that can be applied to other solid substrates, including, but not limited to, 
substrates made of metal and plastic. For example, a polymerizable quaternary 
ammonium salt monomer at approximately 5% concentration, based on the resin solids, 
may be added to a commercially available coating system. The coating, with the 
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quaternary salt, may then be applied, e.g., by brushing or spraying, to the metallic 
surface to be coated. As the coating dries, the quaternary salt provided by Applicants 
method simultaneously polymerizes. Using this method Applicants successfully treated 
copper, aluminum, steel and stainless steel, but it is understood that other solid substrate 
surfaces, e.g., wood and plastic, can be treated. Blue dye testing verified the presence of 
the polymerized quaternary ammonium salt polymer in the coating system when the 
coating system was an epoxy paint. 
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WHAT IS CLAIMED IS: 

1 . A method of imparting antimicrobial properties to a polymeric substrate 
comprising; providing a polymerizable or monomeric quaternary ammonium salt in 
a solvent; contacting the polymeric substrate to said solvent containing said 
quaternary salt; permitting said quaternary salt to be absorbed by the polymeric 
substrate; and polymerizing said quaternary salt such that an interpenetrating 
network is formed with said polymeric substrate. 

2. A method according to claim 1 wherein said quaternary salt has the general 
formula of; 

Rj R 2 R4 

w ; 

•Cl + N - (CH 2 ) 3 - Si - 
\ \ 
R3 

3. A method according to claim 2 wherein R, and R 2 are methyl groups, R } is 
octadecyl, and and R^ are methoxy groups. 

4. A method according to claims 1, 2 or 3 wherein said polymerization of said 
quaternary ammonium salt is achieved by exposing it to 0.1 N NaOH, 0.1 N HC1, 
heat or a combination thereof. 

5. A method according to claims 1, 2 or 3 wherein said solvents for said quaternary 
ammonium salt rapidly swell said polymeric substrate to a degree necessary to 
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achieve appropriate penetration of said polymeric substrate while retaining the 
functional characteristics of said polymeric substrate. 

6. A method accordingly to claim 5 wherein said solvent results in the desired degree 
of swelling of said polymeric substrate in less than ten minutes. 

7. A method according to claim 5 wherein said solvent is ethyl acetate, a mixture of 
tetrahydrofiiran, and methanol, or any organic solvent for said quaternary 
ammonium salt that swells said polymeric substrate. 

8. A method for creating a catheter having non-leaching, antimicrobial properties 
comprising: providing a polymerizable or monomeric quaternary salt in a solvent; 
providing a catheter; and contacting said catheter to said solvent containing said 
quaternary salt such that said quaternary salt polymerizes within and upon the 
catheter in situ. 
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9. A method according to claim 8 wherein said quaternary salt has the general 
formula of: 

Ri R2 R* 

\ / / 
CI + N - (CH 2 ) 3 - Si - R 5 
\ \ 
Rj R* 

10. A method according to claim 9 wherein Rj and R 2 are methyl groups, R 3 is 
octadecyl, and R4, R5 and R* are methoxy groups. 

1L A method according to claims 8, 9 or 10 wherein said polymerization of said 

quaternary salt is achieved by exposing it to 0.1 N NaOH t 0.1 N HC1, heat or a 
combination thereof. 

12. A method according to claims 8, 9 or 10 wherein said solvents for said quaternary 
ammonium salt rapidly swell said catheter approximately 20-50 percent by weight 
in approximately 10 minutes or less while retaining the functional characteristics of 
said catheter. 

13. A method according to claim 13 wherein said solvent is ethyl acetate, a mixture of 
tetrahydrofuran and methanol, or any organic solvent for said quaternary 
ammonium salt that swells said catheter. 
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14. A method according to claim 8 wherein said catheter is made of silicone, 
polyurethane, thermoplastic or plastic. 

15. A method according to claim 8 wherein said catheter is impregnated with 
antibiotics. 



A method for creating a non-leaching, biocompatible, antimicrobial, polymeric 
coating comprising: providing a polymerizable or monomeric quaternary salt in a 
solvent; exposing a substrate having interstices in which said quaternary salt can 
be absorbed and polymerized; permitting said quaternary salt to be absorbed by the 
substrate; and polymerizing said quaternary salt such that an interpenetrating 
network is formed within the interstices of the substrate. 
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S. Michielsen: Georgia Institute of Technology, G. Sun: U- C. Davis 

Annual Report, September 1999 

Goal: 

The goal of the work is to elucidate the fundamental considerations and demonstrate the 
techniques that can be used to develop textile materials which can be used to deliver 
reactive chemicals. In this demonstration, we have selected an application which has a 
significant commercial potential, the use of textiles to deliver antimicrobial activity. The 
methods of attachment and the general considerations should be similar for delivery of: 
catalysts in chemical synthesis, reactants to remove pollutants from air or water, and for 
producing materials with biocompatibility. 

Abstract: 

The work has demonstrated the following methods for incorporating reactive chemicals 
in textile materials: 

1 . Mechanistically understood chemical modification of the surface of fibers by the 
simple addition of reactive monomers to a reactive fiber. 

2. Mechanistically understood creation of sites on an unreactive fiber, followed by 
chemical addition of reactive monomers. 

3. Creation of reactive sites and addition of reactive monomers by high-energy photo- 
chemical or thermo-chemical processes where the mechanisms of grafting are not well 
defined. 

4. Coating of textile surfaces by polymeric solids which are held in place physically or 
with reactive covalent links to the fiber surface. 

5. Copoiymerization of reactive compounds into fiber forming polymers followed by 
extrusion into fibers. 

Textile materials created by each of these methods have been shown to be effective 
antimicrobials when tested against a typical infectious test bacteria. Some have also 
been shown to be effective against infectious protozoan species as well. Work is 
progressing on determining the actual, effective and maximum coverage of reactive 
chemical on the textile material. Work proposed on the kinetics of reaction/release of 
the active compounds has not yet begun. 
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Introduction: 

When delivering reactive species from a fiber or fabric, several considerations. (1 ) The 
reactive chemical species must be attached to, or incorporated into the textile (fiber). (2) 
The reactive species must be held in a stable form until it is needed. (3) There must be a 
large reservoir of ihe reactive species, or the reactive species must be easily regenerable 
(in situ). (4) When needed, it must be readily available, and (5) The association with, or 
attachment to the textile must not interfere with the desired chemical action. 

The durability (or rechargeability) must exceed the required or expected lifetime of the 
textile product. If the reactive species on the fiber or fabric can be recharged after it has 
been depleted, waste products can be reduced. In most cases, criteria (2) and (4) are 
opposing requirements which must be balanced. For example, the reactive species can be 
held within the polymer, and slowly diffuse to the surface. However, when needed, the 
surface concentration of the species will be rapidly depleted. Thereafter, a considerable 
lapse of time is required for more of the material to diffuse to the surface. There are two 
categories of antimicrobials - those that inhibit growth (bacteriostatic agents), and those 
that kill the organism (bacteriocidal agents) There are also differences in the amount of 
time required for specific chemicals to be effective. In general, the more reactive 
chemicals work quicker, but are also more likely to react with and be used up in 
compering chemicals that have nothing to do with the microbes that should be the target 
or their action. 

In the area of antimicrobial products, there are the additional requirements for 
demonstrating effectiveness against a variety of harmful organisms. Since the products 
may be sold directly to retail consumers, there are questions of safety and toxicity to 
humans. 

Some fundamental questions must also be considered in antimicrobial materials: 

1 . Is the reactive chemical released from the textile, or does it remain attached? 

2. If released, what are the kinetics of release and what concentration is necessary to 
avoid depletion of the active chemical while in storage, before use? 

3 . What amount of water must be present for the antimicrobial activity to be effective? 

4. How much of a reactive chemical can be accommodated on the textile surface? And 
how can it be measured? 

An invited presentation prepared by some of the investigators was given at INDA Tec in 
Atlanta (9/99). It is available in the Conference Proceedings [1] It describes the 
chemical functionalities available for antimicrobial activity, the mechanism of action and 
a list of antimicrobial products that are available commercially in textiles. 
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Progress: 

We have embarked on a combined theoretical and experimental analysis of this problem. 
We stan with the idea that there must be a large reservoir of reactive species. Even if the 
species is regenerable, a large reservoir of reactive species is helpful. Since most fiber 
forming polymers (except cellulose) have very few reactive sites on their surface, it is 
impractical simply to chemically attach a significant amount of reactive species on their 
surfaces unless an amplification system is used. Although plasma treating can be used, it 
is too expensive for most applications. 

Chemical degradation of the fiber surface to create reactive groups may be possible in the 
case of some "condensation" polymers. We have demonstrated this with one fiber and 
have then used the reactive groups on the surface of the fiber to attach an antimicrobial 
compound. The fiber produced has been shown to have a shelf life exceeding 6 months 
and is effective in killing a variety of organisms. Work is beginning on the maximum 
activity possible, the location of that activity (surface vs interior) and the kinetics of its 
decay in the absence of microbial challenge. 

The work has also produced fibers with particles attached to their surfaces, either by 
physical attachment, or by covalent chemical attachment. One of the attached species 
has been shown to be an effective antimicrobial in fabric form. The other is still 
undergoing testing. Attachment of particles to fiber surfaces always suggests problems 
with durability, and durability studies are still needed. Again we have not yet 
determined the maximum loading of the textile with antimicrobial species, nor the level 
that is really needed. A light micrograph of highly colored particles attached to the 
textile surface is shown in Figure 1. 




Figure 1 Particles Attached to Fibers 
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Scanning electron microscopy will be used with the uncolored, active compounds to 
examine the attachments to the fiber for strength of attachment and durability. 

Another approach is to graft an active monomer onto the textile surface and allow some 
degree of polymerization to occur. We have had limited success in photo initiated 
grafting, and have yet to try chemically initiatiation, or initiation with hard radiation. 
All of these seem possible if a proper monomer is selected. As with all such grafting 
processes, one must determine the extent of graft vs homopolymer formation on the 
surface of the textile. The formation of homopolymer may lead to excessive stiffening 
or the textile or durability problems. Problems of surface wetting/spreading will have to 
be addressed to accomplish uniform, thin layers of active compound on textile surfaces. 
The uniformity of the "coatings" will be further studied by use of surface infrared 
techniques and EDAX in SEM. 

A modification of this approach is to graft to the surface a polymeric material that 
contains groups to which the reactive species can be attached, e.g. poly(acrylic acid), 
polyvinyl alcohol), polyvinyl amine) or copolymers containing these groups- Again, 
there are several issues that need to be dealt with, (a) What is the maximum number of 
reactive groups that can be stored on the surface? (b) How can they be released? and (c) 
How does the mobility of the surface grafted polymer affect the delivery of the reactive 
species? 

We consider (a) first Although it would seem that the number of reactive species that 
could be stored by simply grafting a "storage polymer" to the surface of the fiber could 
increase without bound, we have found otherwise. When the radius of gyration of the 
storage polymer is equal to one-half the average distance between graft sites, the 
maximum storage potential is achieved. For smaller molecules, the surface has many bare 
spots which do not store any reactive species. When the storage polymer is larger than 
optimum, it blocks adjacent graft sites thus preventing attachment of additional storage 
polymers, again resulting in bare fiber surface. We are still investigating the effect of 
polydispersity, both in the storage polymer and in the graft-site density on the surface, on 
storage efficiency. 

Next, let's consider (b). Here there are two possibilities. First, the reactive species must 
actually be released from the surface to be active. This will be controlled by the kinetics 
of the bond breakage in the reaction medium. We are currently examining how the 
kinetics are affected by the surface, much as fabric dyeing is affected by the surface. For 
this, we are grafting poly(acrylic acid) onto nylon 6,6 film. Next we neutralize the acid to 
differing extents and with different ions and then measure the surface conductivity. By 
comparing this data with similar data on dissolved poly(acrylic acid) salts, we will be 
able to determine the effect of the surface on the release of these ions. 
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The other approach is for the reactive species to perform its function while still attached 
to the surface. This would be the case if the reactive species acts as a catalyst. Its 
effectiveness will depend on how easily the reactants can approach and leave the reaction 
site, in much the same way that enzymes work. We will model this via molecular 
mechanics. 

We are also attempting to measure and model how the mobility of the storage polymer 
changes upon grafting to the surface and how this effects the delivery of the reactive 
species or the approach of the reactants. This affects both (2c) and (3). Initially, we are 
measuring the surface conductivity of grafted poly(acrylic acid) salts as a function of 
temperature and frequency to measure the mobility of the storage polymer. It is expected 
that this mobility will be different from the bulk and from the solution forms of the 
storage polymer. 

To accomplish these tasks, a surface conductivity cell has been constructed and is being 
calibrated over the frequency range 1 mHz - 100 kHz. A constant temperature and 
humidity chamber has been acquired and is being installed. Poly(acrylic acid) in a wide 
range of molecular weights have been acquired and are being grafted to nylon 6,6 film. 
Finally, the molecular mechanics modeling approaches are being refined. These will be 
combined to address each of the issues described above. 

In working on antimicrobial textiles, we have had to address some issues of testing 
effectiveness. One standard test [2] places a treated textile on an inoculated agar plate. 
This test is suitable only when the antimicrobial agent can diffuse from the textile into the 
agar. A second method [3] places contaminated liquid on the surface of the fabric and 
measures the reduction in numbers of organisms as the result of that exposure. First there 
is the matter of exposure time which, as was pointed out, varies for different reactive 
agents. Then there is the matter of wetting. If the textile material does not readily 
absorb the contaminated liquid, the microbial kill rate will be much reduced. This 
problem was handled by sandwiching a small volume of the contaminated liquid 
between two layers of active fabric. A test method for wet filtration was previously 
developed in the laboratory of one of the investigators (DW). A test method for dry 
filters, which will aid in determining the necessity of water for antimicrobial 
effectiveness has yet to be addressed. 

Continuing Work: 

Additional needed work was indicted throughout the report, and concerns mostly the 
kinetics of the release of antimicrobial and of the reactions with microbes or other 
chemicals. Also, measurement of maximum and optimum fiber loading with 
antimicrobial agent is needed as well as the location and uniformity of the application. 
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the investigators, and several of the companies have expressed a need for discussions and 
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Web Site: 

Information concerning this project can be found at web site 
www.eng.auburn.edu/department/te/ntc/indes.html 
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INTRODUCTION 

Cellulosic graft copolymerization is of groat interest with regard to the 
increased use of biobaaed mate rial a. Indeed the graft copolymers are pe chaps 
the clearest e*a*nple of useful materials bringing together synthetic and natural 
polywrs. These use bi omasa in all its many lignocelluloslc varieties ranoing 
from wood, grasses,, and other plants to essentially pure celluloses such aa 
cottons. Coupled with this aspect is th* intrinsic b&odegradability of the 
cellulosic component. The challenge of the Energy Conversion Utilisation Program 
(ECUT) and similar programs la to expand and de.ve.lop- useful larg-e scale and 
hi-tech smaller scale applications of such materials in an economic cost- 
effective manner. These objectives have not yet bean achieved, and increased, 
well -programmed research is clearly and unequivocally needed ♦ The desperate need 
to produce plastics , floors, films, and other materials with biodegr&dabllity 
has given a continuation to such programs, which began with the need {no** longer 
range J of replacing all or part of petroleum and natural gas feedstocfca with 
renewable biomass. The need for a useful degree of photo and other types of 
degradabllity should also not bo overlooked. This chapter will review the pre- 
sent status of such research, where the future ettphasla should be stressed and 
the relative efforts currently under way in the United States compared with the 
overall international effort* 

The author was privileged to be deeply Involved in such research since July 1932, 
one year before the first conscious/ deliberate? and. successful synthesis of a 
cellulose graft copolymer was presented (Waltcher, Burroughs/ and Jahn 2953}. 
The preparation of this report was also baaed on presentations at ma jor Inter- 
national meeting-? in (Tenth Cellulose Conference/ Syracuse, W,T*, June; 
Ceilucoa '88, Kyoto j Japan, November; Hlsshinbo Conference on Cellulose 
Utilization, Tokyo, Japan, December), and literature searches from January 1985 
to December 196-B (including U,S- and foreign patents) to ensure adequate coverage 
ot recent and present developments. 

EARJUXEK AS SEARCH - 1953-1994 

Graft pa lyi&erizat Ion per ae was first reported in 1*946 (Carl in and Shakespeare) . 
In 1943, however f vinyl and allyl esters of cellulose were prepared and copoly- 
Enerized in experiments conduated with theau Although only crosslinKed products 
resulted, certainly grafting irtust also have taken place (Ushakcty 1943). Cellu- 
lose and its derivatives have been among the most popular as grafting subst raxes 
since 1952. Perceived perhaps as the first new type of cellulose derivatives, 
grafting was eagerly seized upon for research. By 1$84, »ore than 1000 papers 
were published and patents granted on the subject, Grafting, which is often 
carried out heterogeneously r is an excellent method of (modifying not only natural 
polymers but also polymers in fiber form, it was therefore even aore attractive 
to carry out extensive work on th* subject. This effort is still continuing. 
One excellent monograph (Heb&ish and Guthrie 19B1} and a mur.bftsr of rather thor- 
ough reviews (Kr&saig and Stannett 1965/ Arthur 19^0, 19&5; stannett and 
Kopteflberg 1971; Shattacharya and Hal das 1964; aion 1902: Samal, sahoo, and 
5amac.ar.ay 196 6) on the subject ha.ve been published. These may be regarded as 
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key references. As with polymer science in general, research in cellulose grafts 

may be broken down into synthesis, characterization, properties, and ! 

applications. 

i 

Synthesis 

Although ionic and condensation methods of grafting to cellulose have been j 
briefly reported, the overwhelming ma jority of methods employed have been by free j 
radical mechanisms. The general procedure is to generate free radicals on the \ 
cellulose molecule and then to introduce a vinyl or diene monomer. The macro- ' 
radicals then initiate polymerization, forming graft copolymers. The various 
methods for carrying out this process via free radicals have been classified by 
Stannett and Hopfenberg (1971) . Some notes and key references will be presented 
under similar headings. 

Chain Transfer and Redox Method* 

In these methods/ a vinyl or diene monomer is polymerized in the presence of a 
cellulosic material. in the chain transfer method, the growing chain can then 
abstract hydrogen or another atom leaving behind the desired macroradical to 
initiate grafting. It is clear that the process is n ot too eff icient and also 
leads to an equal amount or ho mopol ymer^ Neve rtheless, it has a certain prac- 
tl~ffaTrirrxty ana/ in fact, similar methods are widely used industrially to produce 
heterogeneous grafts such aa high-impact plastics. A useful development with 
this method is to introduce onto the cellulose groups that contain atoms that 
are readily extractable by free radicals. This was the first grafting method 
used/ with halogens {Waltcher, Burroughs/ and Jahn 1953]; More recently, ethyl- 
ene sulfide was reacted with cellulose to form mercaptan groups. These are very 
efficient chain-transfer agents. So far the growing chains from free radical : 
polymerizations have been discussed as methods to generate the maccoradicals . '■ 
Radical transfer from the free radical catalysts themselves, although this is 
not strictly speaking chain transfer, can also be used with considerable success. 
To achieve this, the catalyst needs to be sorbed into the cellulose matrix 
itself. Potassium persulfate is a good example. A high concentration of the :j 
sulfate ion radicals are then formed, for instance, by heating persulfate, in 1. | 

the cellulose matrix itself. Abstraction can then compete successfully with /:] 
initiation of homopolymer. . 1 

An even more efficient extension of the radical transfer approach is to sorb part :| 

of a two component redox system such as ferrous ions into cellulose. The monomer \: 

is then introduced with the second component auch as hydrogen peroxide. 5 

Bridgeford has discussed auch methods in detail (1962). \ 

The xanthate method involves a redox system and has considerable promise for 1 

industrial exploitation. It was first reported by the Scott Paper Company in ;} 

1964 but still has not been commercialized. A number of pilot plants were built, = j; 

however, and operated successfully. It is possible that the method will still ■: 5' 

be used on a large scale, but because it is tied to the xanthate rayon process* ; ' f; 

it has lost favor. However, xanthation can be carried out deliberately to low . ip 

degrees of substitution. The xanthate group reacts with hydrogen peroxide to t 

yield free radicals. The presence of ferric or ferrous ions may be necessary. t 

Direct Oxidation 

A number of metallic ions .have been used for the direct oxidation of cellulose 
to its macro radicals . The best known examples a_x* eerie salts such as the sul- 
fate ana rucrate. The reaction is complex and not completely huiiuuihlouut. — it 
is known emtt'ene eerie ion forma a comolex with cellulose hvdroxyl groups ir. 
aqueous solution. The complex then disS'ffcTStes xn .cKe" pTeslance" of acias, into 
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a cellulos e rad ical/ a hydronium ion, and a oorous ion. The monomer ia added 
'oitliui simultaneously or following pretreatment of the cellulose with a solution 
of the eerie salt. Initiation ia rapid And efficient and in principle, leads 
to little homopolymer. In fact, some monomers themselves, notably aery 1 amide 
and acrylic acid, react with eerie ion to form radicals and homopolymers . 

In addition to cerium (IV) salts, vanadium (V) , manganese (III), cobalt (III), 
and chromium (VI) salt a have boon used. Other oxidizing agents such as 
permangates, br ornate a, and periodates also form radicals and initiate grafting, 
A considerable number of papers and patents have been published on the direct 
oxidation method and have been discussed and referenced in the various reviews 
(Hebeiah and Guthrie 1981; Kraaaig and Stannett 1965/ Arthur 1970, 1985; Stannett 
and Hopfenberg 1971; Bhattacharya and Ma Idas 1984; Hon 1982; Samal, Sahoo, and 
Samataray 1966) * 

Cellulose Initiators 

Another general method of grafting to cellulose is to form chemically an initi- 
ator, such as a peroxide or hydroperoxide, on the macromolecule. this can then 
decompose into radicals and initiate graft copolymer! z at ion. if a reducina 
agent is uaed, the homopolymer formation can be largely eliminated, tor example, ' 

Cell-OOH 4 Fa** ~> Cell-0 f Fe** + OH* (i) 

Peroxides can be formed by ozonlsation, a method that has been studied chiefly 
in the Soviet Union, or by radiation of the substrate in air or in hydrogen 
peroxide solution, similar reactions have been carried out with cellulose 
nitrate, ethyicellulose, and benkylcelluloaa. There is a danger with these 
methods that extensive degradation may occur, which has not been assessed 
adequately in the literature. 

In addition to peroxides, other initiating groups can be introduced into the 
cellulose molecule, such aa peroxy esters. Diazonium salts have also b«er 
synthesized and uaed aa grafting initiators. as> with the hydroperoxides, th€ 
fiirtriit.ion of a reducing a gent such as ferrous ammonium sulfate essentially eixmi-__. 
nates trm~ f ^^3lf * <nn y™""* The use 6% diazonium salts has aiso oeen 

e xtensiv ely studied in the Soviet Union. 

Celluloslo Comonoxoara 

Perhaps one of the most obvious ways to synthesize graft copolymers is to form 
allyl or vinyl cellulose derivatives and then copclymerire with a suitable vinyl 
or similar type of monomer. This was indeed probably the first, although not 
a conscious attempt at grafting (Ushakov 1943) . Unfortunately, at that time 
there was no knowledge of grafting and the degrees of substitution were presuma- 
bly too high and only crosslinked products were produced. With low degrees of 
substitution, however, and a proper choice of monomer reactivity ratios, graft 
polymers without much homopolymer could be prepared by this technique. To our 
best knowledge, there has been little progress or research on this approach. 
This was the earliest and perhaps one of the most obvious ways to form cellulose 
graft copolymers, i.e., to form vinyl or allyl cellulose derivatives. Among the 
derivatives prepared have been cellulose allyl esters, cellulose methacrylates , 
and cellulose allyl ethers, as well as cellulose crotonates and maleatea. More 
recently vinyl groups were introduced with cellulose nitrate by reacting with 
allyl monocarbonate and hexamethylene diisocyanate. Grafting to these deriva- 
tives can be accomplished by direct free-radical vinyl copolyme ri ration . It can 
readily be seen that if there are several unsaturated groups on each cellulose 
molecule, heavy crossllnking will rapidly result. The situation is in many ways 
comparable to the polymer! ration of unsaturated polyesters. With low degrees 
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of substitution, however, or properly balanced monomer reactivity ratios, graft 
copolymers that are essentially free from crosslinks can be prepared by this 
technique. 

Radiation Methods 

Both ultraviolet light and high-energy radiation have been used to initiate 
grafting to cellulose and its derivatives. The latter method has, however, been 
by far the most thoroughly studied, in fact, high-energy radiation grafting has 
probably been investigated in more detail than any other method. Because the 
chemistry of the process is relatively obscure, radiation initiation has been 
used in experiments designed to reveal details of the grafting process itself. 
No chemical reagents are used normally for the radiation-grafting techniques, 
so it is essential to make the substrate accessible to the monomer. In fact, 
with a suitable swelling agent only negligible degrees of grafting are possible. 
Three methods developed for radiation grafting have been successfully used for 
cellulose. 

Peroxide Method. The cellulose substrate is irradiated in air to form peroxide 
derivatives, which can later be used for grafting aa previously described. This 
method has been studied leas with cellulose than with many other polymers; how- 
ever, preirradiation grafting in air has been frequently used, Here it seems 
clear that a combination of peroxide and trapped-radical initiation is operating* 
The grafting yields have been increased by first soaking the cellulose. In the 
case of viscose rayon fibers, for example, the fibers are soaked in hydrogen 
peroxide solution. 

Preirradiation Method. This method involves irradiating the cellulosic sub- 
strate, preferably 1ft the absence of air, and subsequently contacting the irra- 
diated material with the monomer and swelling agent. Both liquid and vapor- 
phase grafting has been used, and nearly every kind of cellulosic substrate has 
been studied. Again, a auitable swelling agent is essential for successful 
grafting. In general, it is better to irradiate dry to produce the maximum 
number of free radicals and then to admit the monomer and swelling agent 
together. In the case of vapor phase grafting, the swelling agent can also be 
in the form of vapor, such as water vapor. In addition to water vapor, methanol 
and acetic acid vapors were found to be effective promoters of the grafting 
process. In liquid-phase preirradiation grafting, these additives were also 
found to be effective. Generally, the same monomer-swelling agent systems were 
effective for both the mutual and the preirradiation techniques. These will be 
discusaed further in the section on mutual grafting methods. With the trapped- 
radical method aa opposed to the peroxide method of preirradiation grafting, very 
little horoopolymer is produced. A disadvantage, however, is that the degradation 
of the celluiosio backbone is usually greater with the preirradiation method. 
This is particularly true vben the grafting is carried out in the presence of 
air or oxygen. Less degradation is encountered with the mutual method of irra- 
diation because of the protective action of the vinyl monomers present during 
the actual irradiation. Preirradiation is often carried out in air, and the 
combination of peroxides and grafted radioals that results is used to initiate 
the grafting reaction. In spite of the possibly deleterious effects of the 
concurrent degradation, the preirradiatior method is very attractive economic- 
ally, It has been used for pilot-plant studies of the grafting of styrene and 
other monomers to rayon. 

Mutual Method. In this method, the celluiosio substrate is irradiated directly 
in contact with the monomer. The cellulosic material can be actually dissolved 
in the monomer or monomer -solvent mixture, or simply swollen. Either a vapor- 
phase or liquid-phase monomer can be used. The roost usual technique, however, 
is the irradiation of the swollen cellulosic material in the liquid monomer or 
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monomer solution. It ia clear that much homopolymer will also be generated by 
direct radiolysis of the monomer, the monomer-solvent, or the monomer-swelling 
agent mixture, but this can be successfully controlled. The cellulose acetate- 
styrene system has been studied in considerable detail, and methods have been 
developed for separating the homcpolymers from true graft copolymers. It was 
apparent from the results of these studies that the degree of swelling of the 
cellulose substrate has a profound effect on both the yield of graft and the 
molecular weight of the grafted side chains. 

Ultraviolet-Light Grafting 

This method of direct radical formation and grafting has received comparatively 
little study, although the first experiments started .as early as 1959* Cellulose 
derivatives have been investigated more than cellulose itself. The latter 
normally involves the addition of photosensitizers. In principle, the preirra- 
diation and the mutual methods can be used. It ie also clear that photochemical 
grafting can be useful for the surface modification of grafting, Hon has des- 
cribed some more recent experiments on ultraviolet grafting. 

Other Methods of Free Radio*! Grafting 

A number of methods have been developed to form graft (and black} cellulose 
copolymers. In general, they involve some mechanical breaking of the cellulosic 
chain such as mastication, vibratory milling, extrusion, or even ultrasonics and 
swelling techniques, in the presence of a vinyl monomer. Electrical discharge 
and plasma procedures have also been studied mainly for surface grafting. 

The mechanical treatments together with grafting carried out simultaneously with 
certain pulping processes represent less well defined but in principle practical 
methods capable of being scaled up for industrial exploitation. Some key workers 
in this approach have been Young, Hon, and their coworkers (Young, Achmodi, and 
Barkalow 19B5; Hon 1985), 

Ionia Folyxoeritation Methodj 

These were studied very little in the early period under review. Normally such 
methods involve the use of nonaqueous solvents, which are less attractive to the 
cellulose and allied industries than aqueous methods* Nevertheless, there were 
a number of approaches using anionic routes, which have been discussed rather 
fully in the key reviews. In general , shorter grafted side chains but rather 
higher degrees of substitution were obtained compared with free radical methods . 

One very interesting cationic method has been described using boron trifluoride 
in nitrogen to form the cations, which were then reacted with iscbutylene. bike 
the National Lead Process involving the fciegler-Natta type of polymerisation, 
it seems clear that little or no true grafting was obtained. However r in both 
cases the coated or encapsulated celluloses produced had excellent water resis- 
tance and other useful properties. 

Ring Opening Methods 

A number of reactive rings such as ethylene oxide, ethylene inline, propiolactone, 
and ethylene and propylene sulfides have been reacted directly with cellulose 
following a suitable pretreatment « Generally, low-molecular-weight grafted aide 
chains but relatively high degrees of substitution were obtained. Folyamidea 
were successfully grafted to celluloses by reacting caprolactam with suitable 
cellulosic acid chlorides. Again, low DP grafts were obtained. 
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Condonation Kithoda 

Methods of this typo have received little study compared with the grafting of 
vinyl polymers. The most extensive studies have been made in the Soviet Union. 
A distinction can be made between adding an already formed polymer to a reactive 
functional group of the cellulosic material and using reactive groups on the 
cellulosic molecule to initiate condensation or ring^opening polymerization. 

An example of preliminary work on the former method is the reaction of a low- 
molecular -weight poly (ethylene adipate) acid chloride with cellulose, using 
either a solvent -exchange or interfacial polymerization technique. A somewhat 
analogous study involved the reaction of telomers of poly(acryiic acid) having 
chlorine end: groups with 6 -ami noethyl cellulose. Only a small proportion of 
telc-mer beca*ve attached. Alkali cellulose also did not react extensively with 
the poly {acrylic acid) telomer. 

Direct poly condensation grafting of aminoenanthic acid chloride to cellulose and 
its derivatives has also been achieved. A low degree of substitution and molecu- 
lar weight was found. An interfacial approach with cellulose xaothate gave 
similar results, in principle, che direct addition of a polymer with suitable 
functional groups could be attractive- However, the accessibility of one polymer 
to another except in solution and reactivity considerations has negated this 
method of synthesis. 

in conclusion, it can be said that studies of mat hods of synthesis of celluloaic 
graft copolymers (mainly free radical in nature) dominated work through 1963. 
Comparatively little attention has been given to characterization, properties/ 
and applications of such products. 

Characterisation of the Graft Copolymers 

Jn addition to developing methods of grafting and examining their properties, 
it is necessary to characterize as closely as possible the pure grafts and to 
estimate the extent and molecular nature of the resulting graft. In some 
respects, cellulosic graft copolymers are rather easy to investigate because the 
solubilities of the two homopolymers and the grafts themselves are often quite 
different from one another. Furthermore, the cellulosic backbone can be des- 
troyed by acid hydrolysis, and the molecular weight and other properties of the 
isolated side chains can be determined. This has made research on the structure 
of celluloaic grafts attractive- not only for the graft* themselves- but as models 
for grafting in general. 

Whether the grafting reaction takes place in solution or within a swollen, 
insoluble cellulosic substrate, such as film or fiber, it seems inevitable that 
some homopolymers are present together with the graft and unreached cellulose, 
in rather early work, the grafting of acrylamide to cellulose $ilm was carried 
out by an ultraviolet-light technique. It was found that the graft copolymer,, 
polyacrylamide, and the cellulose itself were all soluble in cuprammonium hydroxy 
ide. On acidifying, however/ only the ungrafted cellulose and the graft copoly- 
mer precipitated. By weighing the precipitate, the amount ot the grarting could 
be measured; but the amount of ungrafted cellulose couid not be determined. 
This simple procedure was later applied to a number of other grafting methods. 
It was seen that each method of grafting gave different efficiencies of grafting 
and that the preir radiation technique was the most efficient. 

With heterogeneous grafting to semi crystal line polymers, especially fibers such 
as cotton, the morphology and orientation can be changed. This, in turn, can 
greatly change, the properties and will depend on the grafting method used and 
ihe choice, of monomers and swelling agents and other additives. This aspect of 



PACE 56/240 * RCVD AT 6/1 7/2005 5:38:01 PM [Eastern Oayllght Time] « SVR:USPTO-EFXRF-1/25 • DNIS:2734796 * CSID:925-226-4995 ■ DURATION <mm-ss):82-1 2 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 57 of 240 



64 Polymers from Biobased Materials 



the structure-property relationships of cellulose graft copolymers has- been 
studied in depth, particularly by Arthur and his coworker* (1985) . 

Properties 

The properties, of ceilulosic materiala^-pulp and paper, textiles, and regenerated 
cellulose— and cellulose derivatives can be dramatically changed by graft copoly- 
merization. Although data concerning properties and applications are scant in 
comparison with data concerning synthesis and physicochemicai characterization, 
a sufficient technology has emerged to permit the beginning o£ a rational tailor- 
ing of properties in cellulosics via graft copolyraerization. 

Graft copolymerization has resulted in improvements in a wide variety of proper- 
ties, including tensile strength; resistance to microbial degradation, abrasion, 
arid acida; dye receptivity/ wet strength of paper/ and, adhesion, fn addition,' 
an entirely 1 new spectrum of properties can be imparted* such .as changing pulp, 
paper, cellophane, and fibers into ion-exchange materials including membranes 
by the controlled grafting of anion- andyor cation-exchange groups onto the cel- 
lulose. It has been demonstrated that moisture regain in cellulose and cellulose 
acetate can be reduced by controlled radiation-induced grafting of styrene^ The 
water uptake can also be increased by grafting hydrophilic monomers including 
the synthesis of the so-called super water absorbing celluloses , It has also 
been demonstrated that the compatibility of dissimilar polymers can be markedly 
improved by adding small c^iantitiea of celluldsic graft copolymers -constructed" 
from the two incompatible backbones.. The latter observation has considerable 
implications regarding the formation of stable and useful "polvnier alloys, " or 
"poly blends 

Cellulose itself is relatively inexpensive but cellulose derivatives are often 
expensive. Property improvements and alterations in properties achieved by 
grafting will usually be accompanied by an increase in cost. This immediately 
suggests that applications of some such end products will tend to be more 
specialized than those of the starting material. 

It is recognized that the grafting process results in the formation not only of 
true covalently bonded graft copolymers but also of residual homopolymera of the 
substrate polymer and newly formed homopolymers corresponding in the chemical 
repeat unit to the grafted side chains. Many workers have scrupulously attempted 
to synthesize, isolate, and subsequently characterize the pure graft, whereas 
others, though acknowledging the presence of residual homopolymers., have pro- 
ceeded to evaluate the end properties of the graft contaminated by the homo- 
polymer impurities. Although a definitive study on the effect oC hpmopolymer 
content in the properties of graft mixtures has not been made, it is cautioned 
that graft copolymers containing unextracted horoopolymer will have properties 
thee differ from those of a pure graft. 

Many studies have been reported on the properties of_.graf ted cellulose fibers — 
mainly on cotton and rayon, but also on jute and other natural fibers (Mohanty 
19S7, 1998).. Such studies have included water moisture regain, resistance to 
soil burial, dyeability, mechanical, and thermal properties. Properties of 
grafted pulp and paper have also been extensively studied. Ail the property 
studies are well reported in the references and need not be repeated here. The 
subject of biodegradability will be discussed separately. 

Appl 1 c at Ion a 

A considerable number of applications have been explored. In general, research- 
ers have concentrated on synthesis* and to a lesser extent,, characterization arid 
properties rather than on developing suitable applications. For example, in the 
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excellent monograph on cellulosic graft copolymers by Rebeish and Guthrie 11981), 

only 16 pages out of 345 are devoted to applications . Nevertheless, there were 

141 references through 1979, and there have been many more since then, in more 3 

recent years, increased attention has been given to this area. The subject of ] 

applications will be discussed in the present and future sections of this review. 

In general, there are applications to wood_ itsfiiX XCzikovsky 19 $0 J., to textile 

libers (Arthur T9#37 , CO pulp a a rt -paper (Phillips et al. 1972), and to memoranea. j 

There are also, a number of miscellaneous applications. Some key references are j 

given plus .the reviews. j 

FBSSSHT SITUATION - 1585-1988 j 

i 

About 450 papers and patents were published in this 4^year period. Of these, 
about 350 were concerned with grafting to cellulose itself. As with the earlier i 
years, synthesis and research on mechanisms and variations on established methods • 
have been the major thrust. Recently, the effect of reaction variables on the j 
composition Qf the grafts and the -amounts of both homopolyroars has been empha- j 
sized mora than in earlier years* This research has inevitably included charac- \ 
terization and property studies. Together, however , the three areas of synthe- 
sis, characterization* and properties make up only about 621 of th£ published j 
work. the remaining 38% was concerned: with papers and patents discussing \ 
possible applications. This is in marked contrast to the earlier years when \ 
synthesis probably made up at least 75% of the total effort. The contrast was 
even greater in 198.8. \ 

I 

in the area of synthesis, research into various, features of the conventional free j 
radical methods has continued, The effects of changes in the reaction variables 
on the yields, homopjd#me«*-4nd molecular weights of the side chains have been ? 
emphasized. The Ceric ion .and xanthate initiation techniques nave dominated 
chemical methods/ High energy radiation and photochemical grafting continued [ 
to be active areas of research. Studies on the latter method have increased r 
markedly and it was by far the subject of the greatest number of publications 
on synthesis. This may be linked to a number of - hi-tech types of imaging proc- ; ; 
esses apparently under development. 

There has also been a sharp increase in ionic grafting. Anionic grafting which 
links preformed' living polymers to substituted celluloses has been explored in 
depth by Narayan and his coworkers (Biermann, Chung, and Narayan 1987/ Nar&yan 
and Shay 1986). Their methods have the advantage of being able to^ achieve 
controlled degrees, of substitution, molecular weights, and molecular weight dis- 
tributions of the side chains. This, is in marked contrast to the free radical 
technicnies developed to date.. At the moment, the need for rather dry solvent 
systems and cellulose derivative substrates make anionic grafting economically 
unattractive on a large scale except for specialized products. These aniomP | 
polymerization products could, however, b* high value added materials. More ; 
importantly, at the moment, they have gteat value for exploring property- 
structure Relationships of the. grafts of well-defined structure. There have also 
been a f eV papers using cationic methods. Although it is difficult to envisage 
it being practical on a large scale, the cationic approach widens the range of 
side chain monomers available. One method, however, uses tosylatfcd bleached 
fcraft pulp to initiate the cationic grafting of 2 : -Aethyl oxazoline and is poten- 
tially more attractive for industrial exploitation (Cheradame, wnbo, and Gandini 
1.986) . 

Characterization methods have continued along similar lines to those developed, 
in the earlier years. Somewhat more attention has been given, however, to 
improving the acid hydrolysis of the grafts to isolate the synthetic side chains 
for their characterization. 
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The property studies reported during the past few years have also continued along 
the lines developed during the previous yeaxs. But more emphasis has been given 
to water sorption, retention, and diffusion. there were also a few isolated 
studies on polymer blends used with, cpmpatibilizing gra f t s, on acid resistance, 
and on thermal and photo degradation. Various biological,, bioactive, enzyme 
ijrraobilization, antimicrobial, cell attachment, and related studies' have been 
emphasized much more than in earlier years. Curiously, no studies of the bio- 
degradability £££ se of the grafts were reported, in spite of its obvious 
importance. 

research into possible applications of cellulosic graft, copolymers has been very 
active in the past 4 years' particularly in Japan. Most activity has centered 
on grafted cellulosic membranes for gas and other separation processes, including 
alcohol from water. Nearly 27% of the reports were on membranes and ion exchange 
materials; Application* baaed an. water sorption were emphasized, particularly 
for— supe* «uf£iiaSL-.ma„teriala for uses such— a-o- s ajutdxy -ftapicins, tampons, and 
diapers, and for soil stabilization and other agricultural uses. Miscellaneous 
applications sucn -a? -for bandages said, other medical uses were also important . 
Equal. y empnasized : "weTe- application s 'for" The' IxnmdblllzatjLon of enzymes, anti- 
microbials, and for hemostatic and biomaterial related uses including controlled 
drug release and bi ©compatibility. 

Applications of the. gr?ft copolymer* in the coatings industry have been investi- 
gated to a considerable, degree to increase adhesion and to impart other useful 
properties. Applications in plaetics were studied, including the use of grafts 
for. compatibilizf ng blends, such as molding compositions and composites.. Newer 
areas have been developed particularly in uses for diazoprinting, copying/ and 
recording applications --sow© based on photosensitive materials; these were 
chiefly Japanese developments- Water soluble grafts and uses for t^he cosmetic 
industry have been reported. Applications to the textile and pulp and paper 
industries continued to be explored, but along similar lines to those developed 
in previous, years, including waste water treatment* 

Minor activities included: the use of cellulosic grafts for adhesive 3, catalyst 
support systems, latex coagulating agents, oil absorbers, and foaming agents. 

FUTURE RESEARCH NXXDS 

There is a strong need for research in a number of areas, which include the 
following: 

1. Much more work, on the biodegradability of cellulosic graft copolymer?? ia 
needed. The extraordinary fact ia that in the past four years, (through 
1988) not a. single paper concerning this problem appears to have been 
published 1 . Even across all the years of research into cellulosic graft 
copolymers, the enzymatic and microbial degradability of such copolymers 
have been studied to only a small extont. With available landfill capacity 
rapidly diminishing, the disposal of over ISO million tons of waste 
annually in the United States is emerging as a key environmental problem 
of the future. More, than haif the municipal solid waste stream ia made 



* Editor' s note: The past year (198Q-19A9) has seen a number of attempts to 
measure the biodegradability of graft copolymers and composite materials. 
However, standard methods of analyses are not yet available, making the 
definition and assessment of the biodegradabiiity of materials an area of 
intensive and extensive research (see chapter 8) - 
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of paper-based and synthetic plastic materials, which biodegra&e quite 
slowly In the environment. the uae of grafting and other chemical means 
to enhance the deg ratability of this fraction of waste will allow faster 
"recycling" of the landfill volume and also serve to reduce urban litter. 

The grafting of short chain moieties to cellulose to alter the rate of both 
the light- induced degradability and the biodegradability of the material 
id one such possibility,. Sensitized phot ooxidat ion of cellulose has been 
extensively discussed in the literature. With judicious choice of func- 
tional groups, light -sensitive centers and even phetooxidation catalysts 
[Right be incorporated, into the cellulose structure. An allied field of 
interest is the. chemical modification of the structure of cellulose itself 
to increase its degradability in the environment. 

Plastics are practically non-biodegradable In the soil- Grafting a sig- 
nificant fraction of the relatively more biodegradable cellulose deriva- 
tives to the synthetic polymer is likely to enhance its biodegradability . 
Rapid microbial degradation of the .grafted cellulose component will in turn 
generate a network of voids in the plastic matrix/ weakening the structure 
and at least causing brittleneas, which will decrease the harm the plastic 
material may cause to the environment. 

Cellulose-synthetic polymer grafting reactions have been studied by Narayan 
and others {see Chapter 7> . Further research based on these pioneering 
studies may extend these techniques to achieve high levels of grafting in 
slurry (or solid reactant) systems in a continuous:, fast process. 

2. With all the work on methods of grafting, the effect of the lignia content 
on grafting yields and the characteristics and properties of the resulting 
grafts have bean little studied. Most of the research has concentrated 
on pure forms of cellulose and its derivatives,. More work is needed on 
this subject* The direct use of Whole wood, steam-exploded woods, and 
high-yield pulps as grafting substrates is clearly of considerable indus- 
trial importance . Some- such studies are under way by Glasser and others. 

Some work has been reported, particularly by Kokta and coworkers (see 
Chapter 2), on the. effects of: lignin on grafting. Coupled with this 
aspect, the possibility of grafting during the pulping process or on whole 
wood should be further explored. An important example is the work of 
Young, Rowell and colleagues. 

3 Work on the super water-absorbing cellulose grafts needs to be expanded - 
Methods of reducing the effects of s alts on the water sorbenoy_and r.etenz 
CI on neea to oe~expl6red, but an initial, finding or saxampne et al . U9a5) 
±3~a gcOTTJtart on the problem, fhe biodegradability "of the "supersorbers" 
is also important a.nd should lead to a new emphasis on cellulose and starch 
based soxbents compared with the overwhelming use of the purely synthetic 
polymers currently on the market. 

4. FinalLy, cost -effectiveness of the resulting products are all-important. 
A reasonable economic analysis of the various methods of grafting with 
various substrates is needed. Even if somewhat tentative and speculative/ 
such a study would be most helpful for the further development of grafting 
technology. The three subjects summarized above represent examples that 
could benefit from an economic analysis. 
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IHTSRNATIONAI, K3PZCTS 

An analysia of the research reported during the past four years, up to December 
1988, showed that 28 countries hod published work on cellulose grafting. Japan 
led the way with 50 papers and patents followed by the Soviet Union with 
40 entries and the United States with 33 published works. Other active countries 
are Egypt, Czechoslovakia, and Canada, but these all have less than 15 entries 
each, 
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New Polymeric Biocides: Synthesis and Antibacterial Activities of 
Poly cations with Pendant Biguanide Groups 

TOMIKl IKEDA, HIDEbU VAMAOUCHl. and SHIOEO TAZUKE* 
Reteareh Laboratory QfRttonmet UtHaauon. Tokyo ItutitMie of' Technolegy. Yokohama 227, Japan 
turetved u jteiavy \nvAtc*{*t4 7 M*y 19U 

AcrjUlftSKiooiaen (skfc pun d a nr Mp saxea i fcT»epc were tu ee ex wa My a/nfMslwa'. sad tfedr bone^aob^ncrs 
«id oopotyafert were prepared with aeryhuakfc. Tbesecauonk dhinfcctuli tf pdjmcffc Corns exaabfted Ugh 
aotHMCtcrial ecdtfcy against grata-aeehlve bacteria, waarcu tswy srere lets acti** agasaGt en»»-ec?a*>« 
tscacrta. It mi fannd that Om taMtj at tfc* pelrsncric dltlffeeants vu rah tn^tvr than thai *f the 
Monomelic specks, ml the dUhract fa tctfrfcy between tbe poiytaers and the numri wm Asmssed m dke 
basis of their coalributlo»s I* each ctemrnUry precss of m* Idhii actum. 



(Quarter nary ammonium soils nd btguanidet, both of 
which are poci lively charged tt physiological pH, have been 
used widely a* effective AMibacrerial agenti Their common 
features ore the presence of a positively charged part and a 
fairly lipophilic pan cn (be same nofcculs (12). Since the 
early work of Hose and co-workers (4, 13). Mguaoide* have 
been employed widely as ^microbial agents. Currently, 
cMorbcxidiae is oat of the most popular disinfectant) bp* 
cans* oflis broad spectrum of antibacterial activity, high lull 
race, and oontoxicUy toward mammalian cctb IT). 

At the present stage of ttody, the sequence of elementary 
■vents In the lethal action of the eatlonJe dbiofectsuiia may 
be tDDunarizcd as follows (7): rj) adsorption onto Use bacicri- 
cJ cell surface; (ii) diffusion through the cell wall; (Ui) binding 
to the cytoplasmic membrane; (iv) disruption of the cyto- 
plasmic membrane; (v) release of K* ion* and other cyto- 
plasmic constituents; and (vi) precipititioa of cell contents 
aod the death of the cell. Eleetrophomic measurement! 
clearly deewn strata that the bacterial cell surface is usually 
oegativdy cbarjed. Tbe adsorption of polycatiens onto the 
oeiarivcly charged cell surface is expected iouk# pfocr to a 
greater extent than thai of tnonomerle catioct betattoe of Che 
aiuch higher charge density carried by tbe pctycadons. 
Furthermore, binding to tbe cytoplasmic membrane Is also 
expected 10 be bdljincd by the poJycatiom, compared wkh 
that by the mongmeric cations, because of the presence of ■ 
targe number of negatively charged species {such an acidic 
pbospholipids and some membrane proteins) in the mem- 
brane (7). Thus, the disruption of the membrane and the 
subsequent leakage of K* ions and other cytoplasmic coo- 
tatuenh would be enhanced by the pdycatioro These 
coaridcratioos would lead io the expectation that cacionlc 
diitnfecuiau of poly mere forms exhibit higher and bacteria] 
activity than those ofnMnomaric or dlmeric fonni. 

To examine the advantage of the catkmic diitnfectanlt of 
polymeric forms in antibacterial activity, we prepared ethyt- 
«nk biguanide derivsiivcs which wer» either hofnopolyraert- 
zaMe or copolymehzahle to hi^rwnotecuUr^esfhi puly- 
men. Wt cho» htguauMe com pound* became of their 
broad spectrum of actirfey and noniouciiy as mentioned 
above. These polymers wm found to exhibit higher afitlbac- 
terial actrriry ihan the rdevant monomelic spceiea. which 
would cjvaNe us to took into polymer eflects ia bacte/icidal 
action Vrkh reference lo polymer structure and molecular 
wettbt. 



* Conespoodiag author. 



MATERIALS AND METHODS 

lYtparacksi. The synthetic route for rnonoroer* with pen- 
dant biguanide groops is shown ia F*g. I. 

♦^Hydroxytlhyllaattla* hjil^cbtor1dc(U). p. Amino- 
phesjethyUcofaot (Tokyo Kased (100 g; 0.72 mot) was db> 
solved m diocanc {1 ,000 ml), and after filtering, dry hydro- 
chloric add gas was passed through the solution with 
vigorous stirring ai room temperature for 1 h. Tha predoiut- 
ed aaO we* collected and dried under vacuum (ensde prod> 
uct, 120 g; yield, 95%>. It was then recrystallized Iron 2- 
propanol , Melting potot Imp), 170 to 1 72*C; Mdear niagactic 
resofunca (NMR> {CDjOD, h), 2XS (2H, t, -CH,-), 3.«0 
CH, t. -CHjOH), 3.30 ts. broad, NHj-). 7.40 HH. s. 
aromuic). 

44l,Hj^i.T*kj1)fkcMjtiUy*n&Min}ik{W). The proce- 
dure reported by Curd et al. was followed {]}. A mixture of U 
(SO g; 0.46 mol), sodium dicyanamide ((Canto ChenacaJ: 909* 
pure; 45.6 g). aruldisdlkd water (920 ml) was stirred ax 90*C 
for 2.5 h. After coob'ng to room ternperatore, the preclpltaie 
was collected and disiolv«i in 2 N sodium hydroxide (100 
ml) at 6tTC. The tnsoluhle part was removed by duration, 
and the filtrate was made acidic (pH 2) with hydrochloric 
acid. Tbe pale cream preeipiute was collected, washed with 
water, dried under vacuum (64 g: yield. 68%) and then 
rccrystdUzed from 2-ptopenol: top. 172 to 174*C; KMR 
(DJ*SO-tU^>, 2.70 (2H. t, -CH,-), 3.67 (2H, I. -CBrOHl, 
t.n (2H. I. dfc>mdia«jjck>, 7.25 (4H, s. aromatic), 9.02 
(1H* s. dtcyandlamsdc). Etemeoul analysis: Calculxted: C, 
M M,H. 5.W; H. 27.44. Found: C. 58.78; H. 5.»: N. 27.45. 

JHI-Aoytcytaixyiuvrjine^ A soiullon 

of III 05 g; 0.074 moQ dimolved in tetrahydroutran-v.ater 
(10:1 I vol/vol]; 99 ml) was cooled in mo ice bath; to this 
solution acfyloyt chloride (Tokyo Kasei; 45 ml; 0.55 mc4) 
was added dropwiie wilb turring over a period of 2 h, and 
the reaction mixture was left overnight at mom leotperarore. 
It was ihefl poured Into ■ large excess of water, and the 
precipitate was collected and dried under vacuum (18 t; 
yield, 95ft). It was recrystBlKzod from an acetone- benzcoe 
(1:2 fwot/volj) mature, mp. 157 to 15VYJ; NMR (DMSO-4,. 
S). IM C2H. u -CH, - ). 4 » (2H. t. -CHjO-l. 5,«-6.4 (3H, 
m, vinyl). 6.95 <ZH, ». dicyaddianndc), 7,30 («H. t. aromat- 
ic), 9.05 UH. >. UicyanuiamiJe). Elctnrntal analyxis: Calcu- 
lated: C. 60.45; Ti, S.«; N, 21.69. Found: C. 60.1Q; H, 5.21; 
N. 21.52. 

// 1 -4-a^rytorUx7euty)ija*n7KA*~t^ak 
Ide hrdrachlorideCVI). 4^hloraaiulme faydrochlorioe (5.5 g: 
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FIO, 1, Synthetic tor <raaMxn with peodsnt blguanlat 



0.034 noQ. IV (S.7 g; 0.O34 mul), and I-prcpanol (30 oil) 
were refluxed in the pretence of a small amount ofhydrooul- 
none fur 13 out. The preCtpjt&M which formed on cooUnft 
was collided, washed witfi 2-propanol, dried under vacuum 
(9.7 g yield, 69%). and reerys talfeod from 2-propanoJ: mp. 
204 to 206X?: NMB ICDjOD. «>. 2.93 (2H, t, -CH t -), 4.33 
(2H. t, -CH,0-), 4J7 <6H, », bigiunide). 5.8-6. < (3H. m, 
vinyl), 7.3<4H, s, anxnadc}, 7.33 (4H. s. aromatic): tC*430 
da, 61. 7.0*7.6 (broad, blguan.de>. Elemental analysis; Calcu- 
lated: C. 54.04: H. 5.01; N, O. W.79. F&uiufc C, 
34.14; H. iM; N, CI. 16.13. A'^-Acryloykwyelb- 
yDfAenyl^.phaiyUnsuaiiide bydrocMoride(V) and rV-4- 
(2-acryloyloxyethji)c4}coyl.rVM,4^ehk^ 
bydrochlorkUOni) «m prepared atniarly (yield, 49ft lot 
V and 45% fat VII; Hub structure* were confirmed by 
NMJt). 

FoljiawlxBttm. IftoaapoJymen «T V, VI, tad VTL Poly- 
mcriaooo was carried aU at 60*C to dimethyironnutide 
(DMF) wttta 2,T-azobii(2^djooprQpant)du\ydrocblorulc 
(Wako ChcnriciD as on iro'ttaior, Each polymerization tube 
was charted with desiied amounts of ibe monomer, tha 
uotialor. and DMF (30 ra!) (** Table 1). It Ml (htt 
degancd by three frcexc-purap-tlmw cycles undcrhighvaci*- 



AtTIMiCfto*. AornTi CmjMOTHfa. 



TABLE 1. CopotrmwtzaUon of VI with icrybmi*' 



Copolymer 


Mriftwti 


MoT VI a; 


Cocvrrtioo 

f*l 




VIII 


0.200 


O.lfl 


92 




ix 


0.400 


0.243 


90 


IB .900 


X 


0.J9» 


0.426 


« 


14 .SCO 


XI 


0.793 


0J06 




31 ,500 



•5«t*»ri\ DWf-JfcO ail [volMDi iatiiiMr. 1.1 -l 

w } HO: ipnacMtw«. tov; tim*. 9 a. 



um. sealed off. and placed in a constant lemperaturc bath at 
60*C. After the period Indicated in Table 1, the polymeriza- 
tioo lube wa* opened, and (be content was poured into an 
excess of acetone (300 ml). The precipitated polymer wa$ 
filtered off, washed with acetone, and dried under vacuum. 
The coaverrinn for eacb polymer Is shown In the fifth 
column of the table. Each polymer wu purified by reprccipi- 
tstion of the methanol solution into a large excess of 
action*. A/ v was determined ia methanol and listed in the 
bat ooium© of tha table. Il ii evident thai the values of M w 
are not so diffexral anjonj the three polymers. 

CaptdyRMra of VI wKfc acrytraida. Coporyrncmstion was 
conducted at «TC io mixed solvent of DMF-waicr (1:1 (vol/ * 
volD wilb Ibe same initiator as that used in the homo poly- 
merization. Eacb polymerization vessel was charged with 
the predetermined amounts of VI end acrybmide, whereas 
the total weight of the monomers wu kept constant (LOO if 
titer). The concentration of the initiaior wu 4.0 gflrter. The 
Ddymcnzalkm procedure wai the same u thsl qf hoTuopqly. 
(qcrizalion- The copolymers obtained were highly hygro- 
scopic, so thai care was taken nut Id leave ihcxn in air for a 
long period, particularly when filtered. The conversion for 
each copolymer It listed in Table 2. The copolymer compose 
tkra was dctcrmiocd on Ibe basis of the absorption at 257 ntn 
due to the aromatic bigmnirJc hydrochloride. To obtain the 
value of • for V'^aftytprMuyl-A^'^toraprienylMgiuuiide 
hydrocbtoride, y^-(^hTd^o^ry«thyl^rV , -4^hlo^opbellylb^- 
gaanide hydrochloride was used as model compound: k ^ 
-230nmU -1-S3 1 10*); 157 nm (t ■ 1.74 x 1C*) in water. 
The molecular weight is listed in the last column of Table 
2. 

AjBtlbadfrial aa niMm i. Freeze -dried ampules of Staph?- 
loeoc£at aureus (IFO 12TII) and Fjtthtrickia call {XPO 38Q6) 
were opened, and a loopIUI of each eultuie was ipreod to 

g've single colonies on mi trie rU agar and incubated at 3TC 
r 24 h. A representative colony was picked of with a wire 
loop and placed m 10 ml of nutrient broth {peptone [Wako 
Chemical], 10 g; Nad, S.0 g; beef extract [Wako ChemicalJ. 
5.0 x io 1.000 ml of sterile duttUed water [pH 6.81). which 



TABLE I. HomopailynMrizatioe of Uu bfpumidc maRomcrs' 





eras* ration 
\ti\dmt) 


CMKcrrirSiim 






M." 


V 


100 


1.14 


6.5 


70 


11.700 


VI 


139 


Mi 






11.000 


VU 


97 


l.U 


6,0 


57 


12,100 
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FOLYCATION SYNTHESIS AND ANTIBACTERIAL ACTIVITY 
TABLE 1, Antibacterial aaiwiy of b«uwn»de compounds" 



JS& ■£& tSL ■sa "est 



*lL 553 i&S Stf 8 SSSrJrSg ™ 



^ 660-1, 000 



wu then incubated ovcmiiht at )7*C. At this sate, the 
culture of 5. aareut contained -10* cells per ml, And fait «f 
£, toii contained — Jtf" ccIU per ml. By diluting with sterile 
distilled w«er, culture cvmninin* -ID* cells per ml was 
prepared ft* each strain which was used for antibacterial 
teit. Since Ibe hpctdes were not completely soluble in water 
a* 1% concentrate, they were dissolved ia mettanol-uater 
0:9 l*oJ/voJp Bt first ud then diluted wrcb sterile distilled 
water so u to five the correct foal cosceatration when l*\Q 
ml of tho biocide solution was combined wkb 2.0 ml of (be 
bacterid culture. It w» confirmed fist methanol used for 
(he preparation of 1« concentrate did am affect ihe result of 
Ihe antibacterial tests. ELxpoxure of bacterial cell* to the 



7 I* 




0 30 60 90 120 



Exposure Tirne(min) 

HG. a. Lot ftsnrivorij vcrmi exposure ptob lor ** iormv 
polymers acftfaui S. oartui were u fcllowi: 1. poly V: 2. paly VI: J. 
pay VII; awl 4, control. CovriAntioa. I.J ^M. based on uk 
monomer oeit (0.3 MC'mlfcr poly V)). 



bioode was started when J.0 ml of the bacterial failure 
«walcta* ~l<r ecus per ml w' added to 11.0 ml of the 
Woclde solution which was proliferated at JJ*C. At die 
same ticne, 2.0 ml ct the tame ckttturc »n added to 14.0 ml of 
saline, decimal dawtkms were prepared, and to starting cell 
cottcewnrton was enumerated by the spread plate method. 
At various contact limes LO-ral portions were removed and 
qirickry mjud with 9.0 ml of ncutrallzcr sohuioa (20ft 
Tweeo 80 pioi 3% azedecttn in nutrient broth), and then 
dermal icnsJ dilutions were prepared from this by taking 0.2 
oil into 1.1 ml of uline and muipa. From these duuiions the 
■wrvtvtog bacteria were counted by the spread plate method. 
After inoculation, the pUlci were incubated at ire. and the 
colonies were counted after 43 h. The counting wu done in 
triplicate every that. 

Coavcalional aoJmucrobiat suweptiUttty lestjng by the 
spread plate method was conducted as described previously 




0 30 60 90 120 



Exposure Time(min) 

HO. 3. LoedcrvivonJ r<rruj eipo> arc time ptoo fm ih.hnjno- 
potrexrs fetakltt 5. amnut «cr»«s fallows: 1. paly V; 2, prrfj VI; 
and 1. poly VII. ConecMratjoa. 2.4 bSMdon tha moranerflail 
ajj^mlforpujy VI), 
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0 30 SO 90 120 
Exposure Time(min) 

FIG. *. L«gh'^v^Mnus'«poniritkMptou|aribeiD()a> 
foor Y I BgMMtt S. amrt^t at the following ceoceAinuoes: 1 , 1,1 iM; 



McsauraiiMU. The M« of paiymc n was determined with 
a low-aatie. tiser ligbi-tottcrlnt photometer. The 

absorption spectra were recorded with, ft Shimazu UV-200 
specxromeier, and l H-NMR spectra were recorded on a 
JEOLJNM-PW 60. 

RESULTS AND DISCUSSION 

Many trials have been dono to prepare acrytaia monomers 
by alerifcation of JV^4^bydrDXye&yrjphe(rri-A^-4<blo- 
rapheoylbisuaoKk bydrochloridcCXIII. The latter compound 
waa prepared by re fluxing an eqMimubr mixture of III and 4. 
cfctoroWioe hydrochloride in 2-clboxycthand for IS min 
(yield, 65%). The Scbotien-Baumann reaction berwtaa XD 
and aorylayl ctatxide iq pyridiric was not «cce*$M, glvlsj 
apparently i rriazroe derivative wfth oo vinyl group <by 
NMR), as i ho eoffvartioa of bitu abides into guaneunines 
soeroed to Uka ptace In thp presence of acytatfjvg »£tnu 
under basic condition* 01). The turn reactloa ht dttTcKot 
solvents (DMF and water) ofeo was riot tucceuftii, ibaxitfi in 
DMP a very small amount of the acaylaie roonorotr VI wu 
produced. EneriAcmtioo of XII by (he u« of dicyclohtxyl- 
carbodiiroide and acrylic ack| bq DMF and pyridine 
was tried and. found not to proceed. Tbea the atraiegy ht 
synthetic route was changed: first, oicyandiamido with vinyl 
group IV was prepared, and then the atep for bifuanidt 
forroatfofl wu followed. By this procedure, the acrytaic 
Rjoaofoers with a pendant biiuarddc group were successfully 
prepared despite the fact That bfcuanJdea ire highly suseepu- 
We to condensation with eaten to give marines (11). 



Table ) shows MICa evaluated by the- conventional spread 
ptate raelhad. The «wo figimri lor each (train indicate the 
raitf e of MJC: growth of the bacterium could be scea u 
visual cofcxiiea below the lower conceruralfea limit of MIC. 
whereat no coioniel were observed above the hither limit. 
Consequently, the c*act MJC is suppoaed to lit between 
these two values. A general trend can be seen from the table 
that the biguanide monomer* and polymers are active 
■jurat grara-potithre bacteria, wfeereu l hey art Uu active 
ajainsi graat-acgarive bacteria. It is aho evident thai XII. 
which has a free hydroxy group, b text active than VI ia 
which the hydroxy group is euerUUd. Another characteris- 
tic teen in me table H thai the monomer VI is more txtivc 
thaa the polymers. 

Here we reached the conclusion that the method pi 
evaluating antibacterial activity of bigu&TBoe compounds 
most be reexamined. The polymeric b)goanid.cs are polyca* 
dons and have a strong tendency to interact wilh some 
constituents of media used to cultivate bacteria. They Hirer- 
ad strongly with negatively charged species (such as sodium, 
casemate) and produce fmorubk complexes. This complex* 
ation nay lead to iaacttvauoa of the polymeric Wguaradcs 
when ihelr activity was avahared on the growth media. To 
eliminate the interference by the constituents in dir. growth 
media, the bactericidal uueiamen: was performed in sterile 
water. 



7 




Exposure Time (min) 

FtC. 3, Lei (sunrivem versus exposure lime e-tou Bar W snl 
poly V| itxtast E. cali were as toUowi: 1. Vl; 2. poly VI; tad J. 
control. Conceittndon. 95 ttM. 
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Exposure Ttme(min) 



HO. 6. Los (survivors) msus exposure time p4oU Im the co- 
polymer XI Ui*i> 5. ewvr »1 Uw foUuwJ«e concentration*; 1, 0.2 
pU; 1. 1.2 jiil : 3. 2.4 jiM: tod 4. 12 »iM. Th* concentrations wtrt 
calculated oo the bull of the btfuanide moao.uer units. 



Figure 1 uhuw^i log (survivors) versus exposure time plot* 
for (he hocnopdymers of V, VI, and VII (poly V. poly VI, 
and poly VTI, rcipeciively) agatnil 5. ai*/*aj. Exposure of 
the polymers to bacterisl cells was carried oul in sterile 
water. The cone camt ion of (be poJymcn win 1.2 uM. based 
an die monomer \iaa (OJ tig/ml for poty VI). Poly V wis the 
most active among the Three. The difference In activity 
among tht ihm polymers is not well understood at the 
moment. Fi0irt 1 shows the log (survivors) versus exposure 
lime plots far the hcmopolymen against J. www at 2.4 uirf 
(LQ ntfol for poly VI). All or the bacterial celts were killed 
within 30 mio when exposed to poly V and poly VI. At the 
ooacentradOM higher than 13 \tM, all of the pacurUI cells 
were killed within 30 min when exposed co any of the 
ooraopolymen. Figure 4 indicate i the same plots for the 
monomer VI. Exposure of the bacteria] ixfh «> the monomer 
VI at the eonceatralim 50 tenet as Mgh as that* of the 
polymers (120 y,M, 50ug/rol> eserted little effect oo reducing 
the number of survivor* (Fir 4, curve 3). From Ft*-. 2 
through 4. it It evident that in* polymers (poly V. poly VI, 
and poly Vtl) are mwii mora active than the monomer VI 
when expo led to tat bacterial celts without interfering 
materials. 

A similar result was obtained agaml grarn-ocgative strain 
E. coU. Figure 5 shows a comparison lit bactericidal activity 
between VI and poly VI at the conewxntfior of 95 »M (40 
ti^ml). It ii clear that poly VI js mora active than VI in this 
case as well. 

Ffenx 6 shows she log (survivors) versus exposure tunc 
plots for XL which contains 90,6 roorft of biguanice mono- 



mer omit In the copolymer against S. our* us. The concentra- 
tions shown in Fig. 6 ware thou calculated oo the basis of 
the b iguanid c monomer units. Copolymers with different 
Mguaaide compositions extultited a similar concentration 
dependence on bactericidal activity. 

The most probable explanation for the higher activity of 
the potymen may be given by considering their contribution 
to each elementary process fn the lethal action (Me above). 
Toe bacterial ceil surface is negatively charged as evidenced 
by ebxtrophorwie mobility. Absorption ofpotycarlons onto 
tha negatively charged cell surface it supposed to be much 
more favored than that of omuxmeric callous on account of 
the higher charge density of the peJyelectrolytei. Thus, 
proem i $» expected co be more enhanced fox potycatiom 
compared with that for tnostomeric cations. 

With respect to process ft, the porycadons have a disad- 
vantage. The gram-pouuve strains have a rather simple 
edl wail composed of a rigid oejroocglycan layer which 
allows foreign molecules to come inside without much 
difficulty (2X Thus, poJycatipns whh lelalivery low molecu- 
lar wejgha caused m this study might diffuse easily through 
the edl wails of gram-positive bacteria. On the other hand ,m 
the case of grem-negilive bacrejU, there Is another bilayer 
otembnuw outside the peptidoglycan layer (outer mem* 
crane). Because of the outer tneoibrsne, foreign molecules 
are not capable of diffusing easily through the cell wall (1). 
This could be a disadvantage to the polymeric btockJe*. 
since they have larger molecular size than the monomelic 
ones. However, as is seen in Fig. 3, poly VI with M w of 
11,900 exhibited higher activity agucst E. coil than VI. 
which night suggest that this type of polyca/ion can reach 
the cytoplasmic membrane of the gran-negative species 
after the partial broking down of the outer membrane, 

ft is slU) ambiguous how the biguanidci as well as other 
calionic disnfoctams interact with the cytoplasmic mem- 
brane with subsequent disruption, although It has beca 
reported that they interact strongly with negatively charged 
species present in the memoriae tucb as acidic phospholip- 
ids and some membrane proteins (1, 6, 9, 10, 14). Binding of 
the polyineric btguanides yt the cytoplasmic membrane 
(process iv) a supposed to take place more orcferabry than 
that of toe raoaomcric ones due co stronger inunction of the 
former with negatively charged species present in the mem- 
brane. This would result in faster disruption of the oko> 
brane (pmce» lift by the polymeric btocides with subse- 
quent release of the cytoplasmic constituents (process v), 
followed by the death of the cells (process vi). Although the 
polymeric btocides have a disadvantage in diffusing through 
the cell walh, overall activity of (be polymeric biocidn 
would, after aO, be higher than that of the monomers. 

In conclusion, the evaluation of antibacterial activity of 
the polymeric baguanides is complicated by the fact thai they 
Interact with some consdiuents of culture media, and be- 
came of this incompatibility evaluation of baacriostaUc 
activity on growth media wQl not be precise, la a clean 
system in which there arc po interfering materials sucb as 
negatively charged macromokcules, the polymeric btguan- 
ides are much more active than the monomcric species. The 
higher activity of the polymers may be accounted for by the tr 
ctronger interactions with the call surface and the cytoplas- 
mic membrane of bacteria as the primary process of the 
lethal action. 
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rtluo ( IS. 8 en.) oorapuvod cd Uw bail* of moW refractions* to within experimental error. 
The relatively high km of the atactu material If attributed In dipolar impurities which 
mpcobdbly prawntin UtfihocuUeituterU. (In the latter ca»« Ibey axe probably 
too rigidly beW m the cryetatlitea la mUlo.) Tbo only dipolar «r©op vttch la ccnubUot 
n Ith tho Wrawd spectre la the double bund, which ii only woaJdy dipolar, ie., ~0.i 
Debye. 1/ can assumes that the lots of the atactic material ia due entirely to the un- 
itarurauati, the SUUrs" rdatkm bdieatn (at a lover limit) that about 3% of U» O— C 
bonds arc onasliratod Infrared aod ebenucaJ evideocs u»d>ai« daubb bond coacen- 
* Lratiofif of less da» 1%. Tha obaarrsd fees is probably duo to the. preaanoe. of seraia! 

polar speotes, Mkeh hi low oartoentretiao. 
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D. L. Wood, V. L. Laou, and V. T. WallrW. Mr. P. H. MeTfrue, Hereulee Powder Co., 
also contributed some ioterestbn eoBimenta which darined the Infrared reeuHe. 
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Bdl Telephone l*boratoriee> Inc. 
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A iVrw Method for the Preparation vf Grqft Copolymer*. t*ofy- 
m«riaat£on Initiated by Ceric Ion Rmdox SytVOOXi 

We liave found thai certain eerie salts* ouch at the altraie and sulfate, term very afiac- 
live redo* ayetems in the prraenne of OTtftdc reducing aganla inch aa etoohola, Lhioli, 
■jfyaoea, aldahyttea, and amines. Tha oxidation -rtdueikm produces ccrous lena and Uan* 
■icnt free rfcrfkal ipedea capable of initiating vinyl polymerisation, 

Duke aad et^-workere 1,1 have shewn that eerie salts form complexes with aWhcia and 
gjyeoit, and that, the dieprepcrtiunatkia of thu* complexes Is the rate d* term bun eUapof 
tbe cmdatien-rnductioa. In the caao of uUsJiofa, the mwhaoiata of thelnhJatioa reaction 
cn be written qoit* gsncrslr/ as follows: 

Oe ,v + RCHiOH ; ■ B — Ce 1 " + H"* + bCHOS (or RCH.O-) 

whsre Oe 1 * reprcscnu Xht «rk> oMqrffficea aa tbay exbt to aqueous aohrtwn, 6 the eeric- 
aJeohot comples, and RCHDH a free radkaL If a Tinyi mottoraer fa pnaeat, tbe free 
radical lardatee po(yiiieiUatlMa. 

The meet important feature ot the oniduUon with oetio ioti u that it pnMcdi via a 
■Uigfe cteetron tnosfei «Kh tha formation of free radinole on Uta redurirtg ateat Thus, 
if Uk rcduehti a«ent 1a a polymeric isoleoule aoeh «a polyvinyl aJoohci ci ceCuJa^ and 
the ozldatioet It carried out in Uw prwaoa of a Tbtyi monomer, the free raditel produaed 
on thr polymerio meVcAile (backU«tf>) hutiatee porjiaericattiui 10 produee a *r*fi «>- 
polyiwtr. This imthod ot p-aftine; yieU» «ib««7»t»ll> pure graft copoiyman since the 
fraa radkab an formed cmcKKtrely on The harikboue. 
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Uf ITERS TO THE EDITORS U3 

Alihoufb, to tbo bbmeooo of k reducicf *g?n'.. «ria *aJU dt> initial* tha polyramj»tion 
of lerykMuUS*, 1 Ibe d*U d Tabta I arm* tiel with eerie nltnU • loo* indoelion period 
Is abtaimd. In th« of arryleioide, etlnouch no inAwtloa period U ob*erv«d, pdy- 
meriuLllnn proceed* it * verr law rate. 

TABLE I 

Effect flf Kodweinit Ajpnt oa Initiation by Cork' Ian 
(Cetic aronxmium nitrate concentration - 2j6 X 10 "• raolc/l. ; 

bydmgrn ion concmtiation "^X 10~* roeJe/L; 



Polyvuyt nicohn], 
bwe moWI. 


Moootner 
piak/L 


Tempatetarc, 

-c. 


Initial rate, 
%/m!n. 


0.0 


0.76 iw-rylooltril* 


0 


1.S4" 


Xott« 


0. To aeryWtril* 


0 




0.22 


aeryWuid* 


30 


3.00* 


Nom 


0 70 acryUmida 


30 


0 04" 



" No inductiofi period 

* Ho polymer after I bour. 



A, typical mil copolymer of polyuryteaude on polyvinyl alcohol m prapwed w 
foUowi; 2.5 nJ. of a 0,1 3# boIuUob «f eerie ammonium dKuU m 1 .V nitric acid «m 
nddad to a nJutlon of 6 f. nrryliinide and 1 g. poryriayl afcahol flRv»n<d 70-05) in 67 JS 
ml. wikr. PalymcriiaUoe wa« e*mad out In in rLnx*pbxfT of niuw^ca at. 2U'C. After 
1 hew, the pululion wa* pound 1 ato an axceaeof iw»tor* to preolpiUte tba groa polymer. 
Th* eonvenum of ecrykulda 93%. Fractional proeipdtation of the gro» polymer 
■bowed that no freo poly*cryl»n"do w pitapat. 

A ruimher of graft copcJyBKra bawe been ttudfod In tarn* detail For example, aeryl- 
amide, aerTtocitriln, and meUrjl acrylate v»ra grafted onto low isoleeulu weight poiy^ 
vliyyt alcohol in tba presence of oorio amnufuom aitratz. Tbc gruf I eoparymera obtained 
were all aolobli in aoiUble aolveata, indicating that practically no croialinlctag bad taken 
placa. Tbo preparation of thm copolymers imd d««rminailoo of tht grafting «f> 
fidiocie* will be reported later. Our data abov that toe oario wa tachoiqist pontriU 
higb-efrleletiey grafting tm a largn variety of potyrorric backbones, both natural and 
•ynthetic. Among (be effective baricbaDes art oaDulcM aod other porygjuoorido*, iuch 
aa dextrasa and aUtrohfe, and polyaalactoiidca, aoeb a* the oarrARpmAjria. A much larger 
variety it availabto from ayulhatic pdjiam mnae thtie nan bo taikxud to tnctuda a 
reacts group. Fat anaioptc, a amall portion of acrolmo eaa be copalyincriied wiUi 
v«f Ioob nwoomtia to gire reacti\ni bmskbonea harm* widrly differuig propertlei. lv U 
not naeeaaary for the hankaofie porymm to be water aoluUo; they u»u prep&rAd in 
latex farm and era/tir* omniad out in anmbsoft. 
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{3) F, E. Oulte and R. F. Bremer, J. Am. Ckm. Soc. t 71, J»l7fi (IflSl). 
{3t J. 8aldUk, J. t<Xf~*r JSe*-, 1». 7S (IM6). 

a. Miso 

3. Kaoumjlw 

Aoiarican Qyankmvl Company 
RcacaTch DirkuoD 
Bound Brftolr, New Jwacy 

TleMivtd April 18, 1068 



PACE 77/240 « RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 * DNIS:2734796 » CSID: 925-2264095 * DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/1 7/2005 Time: 5:39:34 PM 



Page 78 of 240 




PACE 78/240 * RCVD AT ©/1 7/2005 5:38:01 PM [Eastern Daylight Time] ■ SVR;USPTO-EFXRF-1/25 * DNIS:2734796 * CStt>;925-226-4995 * DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 79 of 240 




PAGE 79/240 * RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] ■ SVR:USPTO-EFXRF-1/25 * DNIS;273479© * CSID:925-226-4995 * DURATION (mm-ss):82-12 



From: Gerry J. Etman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 80 of 240 




PACE 80/240 • RCVO AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] ■ SVR:USPTO-EFXRF-1/25 * DNIS:2734796 * CSID: 925-226-4995 * DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 81 of 240 



f 5 5 * g g 

5 f. • & * 
■0 ss" ~ e i"- -ff 



si* 



8iS 

p = « 
E. I B 



3 

3 »" 

Si 

Z o 



o - 
1 3 «• 



Co c 

i& 

r c 



« »> * o 



IfpriiJIIf 
i J H I f 

1 Sfi ~ 



Adsorbed Cerium. mg/9 




PAGE 81/240 * RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight TlmeJ * SVR:USPTO-EFXRF-1/25 • DNlS:2734706 * CSID:925-22M995 * DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 82 of 240 




PACE 82/240 * RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 * ONIS:2734796 » CSID:925-226-4995 * DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 83 of 240 




PACE 83/240 " RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] ■ SVR:USPTO-EFXRF-1/25 * DNIS:2734796 - CSID:925-226-4995 * DURATION (mm-ss):82-1 2 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 84 of 240 



»- o J2 ^ .£1 t*E *** ^ 




PACE 84/240 * RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 * DNIS:2734796 * CSID: 925-226-4995 « DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 85 of 240 




^m. fica.. S(5), 165 fJ975). 

I., Dokl. Akut*. Nauk A2. HSR, Jfl( ]0J 

ibid. . W(5). 27 (1969). 
(1057), Palent O/fics, London. 
<;h5T). Patent Office, London 
29 (1564). 

. end T. NogucM, Kobqnshi Kagaku, 

«fl, «nd T. Noffuchi /bid., 26 (274) 

- B. Bunger, Organic Solvent*: 
Did Methods of Purification Tecfi- 
Vol. 11, VfOey-jntcrscience, New 

I end Diene Monomer*. Part I Vrilev- 
>rk, 1970. * 
ymerizattan , Port JI, Ddcfcer. New 

I and Dtvne Monomers, Part H , Wiley 
rk, lull. 

^K«r, P. Schlack. and F. Sonuner- 

*0(3), 199 (1970). 
ach, and H, Zahn, 4ngew. Chem., 

(1973). 

J. Sleda, F. Schue. end a. 

Polymer, j n Press. 
J. SUdx, F, Schue, and a. 

tbid. , in Frea8. 



I 



«c«. t . S c,-„ EV . JiACRM10 , CHEk , w _ 32o 



Graft Copolymerization of Vinyl 
Monomers onto Silk Fibers 



MUNMATA K. MISHBA* 
ISA, K (Up ana Afm 
Bhubaneswar- 751 014 
Oiiasa, India 



I. INTRODUCTION 

II. KADIATION INITIATION "* 

m. CBEMICAJL INITIATION. 1& * 

A. Vanadium, (V) initiation • ■ • . 197 

B. ChromJucj(V| ) Initiation W 
C Ceric Jon Initiation, . 200 

E. Pcrorydipbosphau Initiation *M 

p *«Jtydigmffita Initiation 207 

C Redox Systems ' ' * 209 

IV. CONCLUSION 210 

ACKNOWLEDGMENTS *" 

nZFEREUQES 216 

216 



iw College, 




PACE 85/240 * RCVD AT ©/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 » DNIS: 2734 796' CSID;925-226-4995 * DURATION <mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 86 of 240 




PACE 86/240 * RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 * ONIS:2734796 » CSID:925-226-4995 * DURATION (mm-ss):82-1 2 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 87 of 240 



3 3 



2 cfl 
■+ + 
I 1 



= to 




"V ■ 

j? £ 
s 

I 

J? 

CO 



a E? 




? i 



I-8* g s, ~ 

* " fi a 5 ^ £■ 
a I ~- ■* a e a 

» a§ i « s n 

5J " " lie - 

! 8: 



3" 3 *" : 
;=J -f "Iff 

*8 ■ if-? s 

ft? 8 1 If 5 

^^2 5 



an iff !if 



fit B ?rli" 



Is; 



2. 



H 

3 
I 



I 

3 



PACE 87/240 * RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] " SVR:USPTO-EFXRF-1/25 • DNIS:2734796 « CSID:925-226-4995 * DURATION (mm-ss):82-12 



i From: Gerry J. Etman Date: 6/17/2005 Time: 5:39:34 PM Page 88 of 240 




PAGE 88/240 « RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] ■ SVR:USPTO-EFXRF-1/25 » DNIS:2734796 - CSID: 925-226-4 995 * DURATION <mm-ss):82-12 



From: Gerry J. Elman Date: 6/17/2005 Time: 5:39:34 PM Page 89 of 240 




PACE 89/240 " RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time) ■ SVR:USPTO-EFXRF-1/25 * DNIS:2734796 # CSID:925-226-4995 * DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 90 of 240 




PACE 90/240 * RCVD AT W17/2005 5:38:01 PM [Eastern Daylight Time] * SVR;USPTO*EFXRF-1/25 • DNIS:2734706* CSID:925-226-4995 * DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 91 of 240 




PACE 91/240 ■ RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO^FXRF-1/25 * DNIS:2734796 » CSlD:92S-226-4995 " DURATION <mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 92 of 240 




PACE 02/240 * RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * 5VR:USPTO-EFXRF-1/25 • 0N1S:2734796 • CSID:925-226-4995 * DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 93 of 240 




PACE 93/240 • RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 * DNIS:2734796 * CSID: 925-226-4995 • DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 94 of 240 




PACE 94/240 « RCVO AT 6/1 7/2005 5:38:01 PM [Eastern Daylight Time] ■ SVR:USPTO-EFXRF-1/25 • DNIS:2734796 * CSID:925-2264995 * DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 95 of 240 




PACE 95/240 * RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 ■ DNIS:2734796 • CSlD:92S-226-4995 * OURATION (mm-ss):82-12 



From: Gerry J. Elman Date: 6/17/2005 Time: 5:39:34 PM Page 96 of 240 



X 




X 



PACE 96/240 • RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time) * SVR:USPTO-EFXRF-1/25 * DNIS:2734796 ■ CS!D:925-226-4995 " DURATION <mm-ss):82-1 2 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 97 of 240 



- *s 



I*' 



° E =r £ 

~ic1 



to 2 : 



H 3 7 



*■ » S 3 



iff 



b 5 r 

si's 



=F * *f ? 

lis 7 a 



£5= 



- - - 'or 

• c • * - i* * 

» ? » r r 1 P 

£ E§ 8 



I IS 

ST * 



55 r 



i ! r 



its****: 

s. • • 2 § 

ft 2 _ *« 3 O 0 

ilif silt 




Hit? 

S I'fa 

•a " * c 2 

3 °§ 3 I 

■s s I5& 

o e " 

nil 
Iff! 

BP 

lift 



! 



-I? 

' » s » 



|S£ s k e 



si ^ a a 



2 - 8 £ 50 * 5 ' * i £ 
" " * s 5 S * • s - 



« *. S e 



s fit-:ii*iie# 



o o a 3 * a; » 



s s: h< % 

2 ^ ft 3. =■ 
? ^ ° 



» • ■ 

£ D Q, 



t 1 y co g *u 

8*L.'I If 



* at ' 

«■ u 



3 



^53 
3> 



CO ^ 



-2 v; 



' S 2- S ■ 



.«< a ^ S a 



! S 5 



I r t 5 z 

3 ^ • a • 

3 5- r o 

*• - w it o 



5 

o 



■ refills?-' S 

<.s - ft I & > 



PACE 07/240 • RCVO AT 6/17/2005 5:38:01 PM (Eastern Daylight Time] ■ SVR:USPTO-EFXRF-1/25 • DNIS:27M796 « CSID: 925-226-4995 • DURATION (mm-s$):82-1 2 



From: Gerry J. EJman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 98 of 240 



w o» «l Wl * *t •» 

w m 2 « S 5 



- o o « 

■0*111- 
e « s *- 

: 3 Si 



y o = 



> > j 

if!*} 

3 aS< 



£ JD * > J < ? 

5 i«§ ; "I 

? J * 



3 i s 



*£ - P _ 5 ~ » 



w j, m « a 



a?" 
«8 



?3 



3 



^55 



ffSf * 



3 5- ~ ~ 
° J° w 

. "a 

3 r-a 



5 

f 



S" 

s 

H 

& 

S 



3 S. 



I 9 

■o -a 

? ? 



° J 8 > > 

a ?r B 

D 

5 ?.* 

I - N §■ 
i 



i s 



Is* 

n 

«' f 
i ! 



g |0 g » A. s > ► O p p 



9P 

§ w 



O 40 

5 » io 



* * ? s 

IS! 



S r , s s * 

. » 3 5 



io o Co » 



ill i in 



\\ 

.-9 
ft 



'J 



-2i 



D *^ 



O 2 " 

au r S 



II 



j *n o u 

1 Q P CO !fl 

r-5 5 e ; 

el a a - 

• 9 m ii 
»3 5 8 

* a a - 

X * 5 : 
» ? ? * 

z L L 



3 »f : 

S fi 

COS 

II 

» - - 

3 



^ m g» 

. Co . c 

' s . e - ? * 



8 i 



r s|s 

o. w a 

2 2 



1 > 



6» > > s p 
OS 

lica " 

III I 

i 



PACE 98/240 " RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 * DN1S:2734796 * CSID:925-226-4995 * DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 99 of 240 



[89) 



ISOJ 
191) 



(86] 
(97] 



[100] 
[1011 
[102] 



(11UJ 



J; ^^' Tefchrcann, JW/b^ch. IV*c. tfoch. , 

D. A. Houw, Chom. fl*v., fli. lss (mi). 
W. R. Wihnarfh and A. Hata, in P«ro^d fl Reaction 
onto- (J. O. Edward,. , Intaradenca, No* York 
lw2. p. 173. ' 
A, A. Grc«n. J. O. Edwards, and P. Junes, Intra 
Chem., 5, 1SS8 (1966). *' 

WUwell. /no»- ff . Chen.. Acta, (1969). 

«Vuel. Ch<m. Lni., 7 , i (197;). tf * 
P. Maruthunmthu, K. V. Suhadri, and M. Bantappa 
Indian /. Churn., 10, 7S2 (1972). ' 
P. Maruthamuthu and H. flflntappa, Ibid.. 14A, 3& (tg-m 
P. Haruthamuthu and M. Santappo. /. Inorg, HucL 
Ch«m ti 37. 1305 (1975). 

P. L. Nayak, S. Lenka. and M. K. llfiihra, J. adoI. 
Palym. Sci., 2S, 63 (1980). 

S. Lonka. P. L. Nayak. and H. K. Mishra, An^rw. 
HcHcromoJ. Chun., fl*. 183 (1980). 

R. 0. R. Bacon, Trans. Faraday Sac., « t x(;o (1946) 
«. L. Morgan. Jefd. . 42, 104 (194B). 
H. C. Sotala, H. Coeraron, and W. Kern, UaktxxnK 
Chem t . 24, Hi (1957). 

G. 5. Whitby, M. D. Groea. J. B. Millen, and A. J, 
Coatama, /. Potym. Sci. , JS. 34* (1&35). 

T. Katfya, S. Morita, and K. Pukui. Full. Chom, Soc. 
J?ru t 42. 3579 (1969). 

M. NegiahJ, K. And, S. Ofcada, and I. Nagakura. 
J. vtppl, Polym. Sci., B t 3495 (1065). 
P. L. .Nayak, S. Lenka, and N. C, Pati, Anaew. 
Makromal. Chem., 35, 15 (1B80). 

H. Shiozakj «nd K. Nakamura, Nippon Sanshlauku 
Zassta, 46i$), <51 0977). 

G. Panda, N. C. Pa«, and p. L. Kayak, /. Appt. 
Pofym. Sci., M. U79 <19H0). 

H. F. Lauw and D. M. Yost, J. Am. Chem. Sac, 
5fl. 2571 (193*). 

J- ffaiss, Discuss. Faraday Joe., 2, 18s (1947} 

A. BetKlah. JJ. H. El-Rafta. and A. 1. Nuiy, j[ Polym. 

SCi., Poly™. Chem. Ea. . J4, 3995(1976). 

P. L. Kayak, S. Lenka, and N. C. Pati. An^. 

Wafcromoi. Chrtn, , B5, 98 OBS0>. 

P. L. Nayak, fi. Lanka, and M. K. Mlahra, /. Bgtym. 
Sci. . In Praia. 

G. Panda, PhD Thesis, CJtkal Univernlly. Orlasa, India. 



PACE 99/240 ■ RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 » DNIS:273479© * CSlD:925-226-4995 • DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 100 of 240 




High 
Performance 
Biomaterials 



A COMPREHENSIVE GUIDE TO MEDICAL 
AND PHARMACEUTICAL APPLICATIONS 



Edited by Michael Szycher, Ph.D. 

POIYMED1CA INDUSTRIES, INC. 



TECHNOMIC 

~ BUSHING CQ. rcJ 



T .ANGASTER • BASET . 



PACE 1 00/240 * RCVD AT 6/1 7/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 • DNIS:2734796 • CSID;925-226-4995 • DURATION <mm-ss):82.1 2 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 101 of 240 



High Performance Binrnateriafc 
.TECH\04lir^taa«i 

W! Mc*' Hulluod Accrue 
ft* ISi} 

U»c«hw. Pemwytwfc J760i U.S. A. 
Tcchftonic ^tisfalnr AS 
All n£*s removed 

H> pin flf ihi pAiiortoo «~> be .cpiwfuced, ^.mj j n , 

wWtout Ihe prior vrtten pennw.be* u4* rtm puMoier 
Primed io du; Unfed St*» of America 
O ' » 7 6 3 4 J J J 

Miin entry- wkJet tirJc 

A Tb=hBomic fuhriitw, Conj^ i <x a 
Bwutogrsphy: ft 

Lihtto Cwg™ Card No. 9J.JMU7 

jsav No. rtthtts-* 



PACE 101/240 * RCVD AT 6/17/20Q5 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 • DNIS:27347W * CSID:925-226-*995 * DURATION <mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 102 of 240 



42 



Antibacterial Activity of 
Polycationic Biocides 



TDMIN IKEDA' 



ABSTRACT Aniibacrertal activity of polycattonic 
biocides Is renewed in connection with their interac- 
tion with their target ate. the cytoplasmic membranes 
of bacteria. The mode ol action or" low molecular 
weigh! calionic disinfectants is first described with 
relet ence to the structure of the bacterial ceB envc- 
lop» and :hen that of the polycationic biocides is dis- 
cussed on the basis uf «lanentary processes pro- 
posed for the lo* molecular weight analogues. The 
pclycatiorvc biocides discussed include quaternary, 
arrtmorvum salts and biguanldes. which are used 
almost exclusively for disinfection. Application of the 
Dclycaticnic biccrtesto a vnrtety of liefds, such as im- 
mobilized biocides and setf-starilLang materials, is 
finaily described. 

INTRO DUCTION 

Polymeric biixniks ure, in a wide xensc. functional 
polymers and powerful candidates for polymeric 
drugs, with high activity that can be achieved by their 
characteristic; nature of carrying high Llx.h1 density of 
the active groups in the \icinity of the polymer 
chains. The lung chain of the polymer can be divided 
into several parts so as to provide one with tome 
specific group that possesses a high affinity towurd a 
target she. The polymer with this structure can reach 
(he target site easily; thus the local concentration of 
the drug* al the specific site can he very high. 
Although tymhetic polymer* have been used a* struc- 
tural replacements for damaged or diseased human 
bones and tissues, il is only recently that syrnhedc 
polymers with biological activity have received arten- . 
ik>n. Polynieix drug) uc ejipectisl lo xhuw ad van- 
UqKk in terms uf localization in specific organs or 
tissues, reduced toxicity, and increased duration of ac- 
tion [1.2]. However, very few examples with adequate 



'Resaarcfi Laboratory of BiBOu-eat Uirization. 7b'<.yG Irattuta 
d Tecnnology. 4259 Nagoteuta, MkJofi ku. Yokohama 22?. 



biological activity have so tar been discovered [23] . 
This tack of discovery is partly due to hinacfive 
groups often losing (heir activity when incorporated 
into a polymer chain. 

Mymetk drugs may be divided into two groups, in 
the first type, bioactive molecules arc incorporated 
covalentry "into a porymer, thus the polymer chain is 
used just as a carrier. Ia the second type, the origin of 
activity is ascribed to the polymeric farm, and these 
types of polymeric drugs may be termed "intrinsic" 
polymeric drugs. Poiycatioaic biocides may belong to 
the first type, Lo view of the feet that they originate 
from monomelic or dim eric canonic disinfectants 
(quaternary ammonium ult* and biguanides) with 
high activity and low tnxiciry. However, in view of the 
mode o£ action, the polymeric form is omwfdered mo 
primary origin uf extremely high activity, thereby the 
polycauonic biocides may concurrently be classified 
into the second type of (he polymeric drugs. 

tn this chapter, *c review the antimicrobial activity 
of low molecular weight catinric disinfectants now 
widely used all over the world, with special reference 
to actmty-s tincture relationships. Vfc then give a 
detailed description of the antimicrobial activity of (he 
polyvatioiuc biocides. and discuss the mode nf action 
of the polycationic biocides based on their interaction 
with the ceil envelopes nf bacteria, which arc con- 
sidered their target sites. 

A craracoerisdc feature of the polycationic biocides 
is good processabllity and superior physical proper- 
ties, in comparison with the low molecular weight 
analogues. The film-forming property of the polycat- 
ionic biocides may enable fabrication of ^elf-Steril- 
izing materials" for which we will find wide use in 
therapy and hygiene. In the last section of this chapter, 
wc rcftr to applications of the polyuiLoroc tooudea. 

LOW MOLECULAR WEIGHT 
CATIOMC DISINFECTANTS 

Antimicrobial agents so far lo use arc classified ac- 
cording to their target sites, as shown in Table 1 [4). 

743 
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Antibiotics which inhibit biosynthesis of bacterial cell 
walls, proteins and nucleic acids mainlv show- bac- 
teriostatic activity, thus preventing the growth of bac- 
teria) cells. In contrast, such antimicrobial agents ax 
phenols, quaternary ammonium wits. Wguanidcs and 
c>*clk oligopeptides, whose target sites are llu cyto- 
plasraic membranes of microbes, kill luicvubUI cells, 
exhibit mg bactericidal action. However, as has been 
Clinically verified, antimicrobial agents are nnr 
necessarily boaericidaJ in the treatment of microbial 
infection, since wc are provided with antibody and 
phagocytic defenses which are readily activated to 
remove bacterial tells from (he body. Furthermore, 
the difference between buctcrin?atic and bactericidal 
is not clearly denned. Many antibacterial agents are 
known that J how bacteriostatic activity at lower con- 
titrations and bactericidal activity at higher concen- 
tration*. In Figure 1 arc shown the sintcnires of 
owrnbrane-active antibacterial agents which exert 
their lethal action by affecting the cytoplasmic mem- 
branes. In early remedies, such strong oxidants as 
chlorine, iodine, and hydrogen peroxide, as well as 
salts of heavy metals (eg., mercury) were used, but 
nowaday* their us* is limited because of their high 
reactivity and toxicity. 

Currently two main groups of compounds are used 
almost exclusively fcr disirdeuiun. They are phenols 
and cutionic disinfectants. Cresols solubilijwl with 
soap or alkali are still used, but now their use is rather 
limited owing to their high toxicity und irritating 
nature, HcxavbJoniphcnc was used widely iu surgical 
soaps. However, its use ha* heeo strictly limited after 
iu effect on the nervous system was recognized. Today 
if wc go to hospitals wc perceive no smell of phenols. 



This Is becuuse the phenols have been replaced by 
Odorless cationic disinfectants in mnst of the Iwspi- 
u Is. The cyclic oligopeptides (tyrocidla A, gramicidin 
S, polymyxins, etc.) exhibit high antibacterial activity, 
but they are of no value from the clinical point of view 
because of their high toxicity. 

Although the structure and the mode of action arc 
difterent, tbese membrane-active antibacterial agent;, 
are known to show die following common feature* 
[4J: 

(I) Tbey arc easily adsorbed onto bacteria) cytoplas- 
mic membrane*, aad the amount of the adsorbed 
agents depends on rhe concentration of the agents. 
They show similar Adsorption isotherms against 
Rpherop lasts and protoplasts which arc free from 
the cell walls. Adsorption of these agents onto iso- 
lated cdi metnbruntst has been confirmed. 

{1) Bactericidal uction of these agents is dependent 
on the conoenlratiun of the agents, the number of 
bacterial cells, and the time of contact. 

(3) Correlation between their cidal action and leak- 
age of cytoplasmic ctmsrimeats has been recog- 
nized. The low level of the agents induces leakage 
of low molecular weight cellular constituent! like 
K* ions, and higher levels of (he agents hnng 
about loss of higher molecular wight solutes 
suuh ax nucleotides. Loss of the cytoplasmic con- 
sutuentx to some extern is, howewr, not lethal to 
the cells. The cdls often survive and grow nor- 
mally when the treated celK are placed in a 
nutrient medium. 

(4) The membrane- active agents are essentially 
bactericidal, but they show bacleriusutic effect at 
tower conccntralions. 

(5) At hjgbet concentration* and upon prolonged ex- 
posure, the rnetnbtane-active agent* penetrate the 
bacterial cells and cause irreversible damage to 
the cells. 

Use of quaternary ammonium salts (Quats) a* disin- 
fectan* started early in the o»30s. Domagk found that 
benzaJkocium salts (Figure I) were outstandingly ef- 
fective for Oisinfeoion of skin and were superior to 
phenols in killing bacteria 15). These benzalkonium 
salts were called -invert «uap" or "anionic soap" and 
have been widely used in disinfection. They oil! play 
a role in disinfection of hands and akin and io sterili- 
zation of medical eqiiipraeoL Howew, their toxicity 
teems tn be somewhat higher than that of the bi- 
guanides described below. 

Blguauidc compounds were first synthesized by 
Rose et id. ur I.C1. in the tnid-l940s. In the early 
stage, it was ui airily the potentiality or bigtwiidcs as 
antirofllnrial agents that was realized, and some bi- 
guanides like ptuguunil found Rome practical applka- 
tioo in (he acatmcm of malaria [61 Progiianil is a 
monobiguanidc and is apparently not active in its- 
original structure The mode of action sady haf* 
revcatcd that it becomes an active form (dihyctro- 
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Flaw I. Structures of d^mbrwe- active Miife«ctcrul tgtaa, [4]. 



trtazine) duough metabolism io the body. Proguanil 
w*s less active against butter io, but basbiguanidei 
developed in the mid-1950s by the xame group were 
(bund 10 show remarkably high activity |7], One of 
Ihc best and most widely used canonic antiseptics is 
chlorhetidine (Hgure 1). The bigoanide group in- 
volved is one of the strongest organic hane* and its 
pK, value is as high as 12. Thus, ai physiological pH 
it is entirely protunuted [8], Biguanides art gener- 
ally synthesized in the form uf chloride* which Are 
hardly soluble in water. In ihc preparation of bigua- 
nides, the countcr-anion U usually changed to a glu- 
conate and the resulting biguarride salts, arc highly 
soluble in water ( -40%). The biguartide diiiofec- 
tants have advantages over other disinfectants a» 
follows (4): 

(1 ) The biguanide diiinfectanK have a wide spectrum 
of qruibucieriiil activity against both Gram- 
poiitivc Rnd Gram-negative bacteria. 

(2) The kill rate is extremely high. 

(3) Toxicity towards mammalian cells is very low and 
Irritancy is so ui significant that the biguanide 
antiseptics can he used on the sensitive mucosal 
sur laces. 

Althottgh the cationic disinfectants have u variety of 
Uructures, they possess common structural features 
-posicive charge and a fairly hydrophobic pan, in a. 



single molecule. For example, in chlorhexidfoe the 
positively charged biguanide groups are attached to 
both ends of a fairly hydrophobic hexaroethylene 
group and in quaternary ammonium salts a hydropho- 
bic alkyl chain k chemically bonded to the positively 
charged nitrogen atom. 

Although a wide range of cationic compounds with 
these character hti is exhibit more or less antibacterial 
activity, the activity is strongly dependent on the 
structure* In the quaternary ammonium salts, the 
length of the hydrophobic tails has been found to af- 
fect the antibacterial activity. For in&Uncc, in the ana- 
logues of cetrimide (Figure 1) a compound with 14 
carbon atoms shows the highest activity, and others 
wiih longer or shorter chains exhibit much Jess. In u 
ietics uf benza Itanium salts, those of 12 ro 14 carbon 
atoms arc known to show the maximum activity. Fur 
therm**?, branched hydrocarbon tails reportedly im- 
prove the antibacterial activity and are favored for 
reducing the toxicity [9]. In the analogues of chlnr- 
hexidine, the central pan of the molecule was found to 
play an important role. Antibacterial activity was sen- 
sitively affected by the length uf (he altyl spacers. 
Thus, in the cationic disinfectants, the hydrophobic 
parw in the molecule play a significant role, and Ihe 
hydmpbilic-iipopbilic balance (KL balance) has been 
frequently used as a parameter to elucidate their anti- 
bacterial activity in some quantitative way. 



/ 
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ANTIBACTERIAL ACTIVITY" OF 
POLYCATIOWC DIOQDES 

The most jmra) approach one would take for 
polymeric drugs may be ajvalenl incorporation of low 
molecular weigh! drugs iato a polymer. By this proce- 
dure, many polymeric drugs have been prepared in 
which the miiDumcrii; drugs wcro incorporated into & 
main chain or a side chain. The readers should refer 
to a review article |10J for detail, but as a cuoclunon 
very few successful examples hove so fir been re- 
ported. For example, common antibiotic* with 
tam structure such as penicillin* and cephalosporins 
were polymerized through several ruules. However, 
the resulting polymeric aniibioticy were found to ex- 
hibit mud) less activity than the parent antibiotics; m 
some cases the polymeric form* of the antibiotics lost 
completely their original activity. 

Loss of activity i& partly ascribed to the location of 
the target sites. In case of the intracellular target sites, 
drugs must overcome an enormous barrier, cyto- 
plasmic membrane, in order to reach their target sites. 
Because of the molecular size, permeability of the 
polymeria drugs through the cytoplasmic membrane 
is reasonably expected to be reduced, thereby making 
it more jnd more difficult for the polymeric drugs to 
reach iheiT target sites inside the cells. Fortunately, 
however, the target site of the eationic disinfectants i> 
the cell envelope of bacteria, and the reduced perme- 



ability, resulting from the increase in atolecuJar site 
due to polymer izaiioo. is not regarded as a factor 
tcriausly affecting their activity. In bet, polyeationic 
biocides are one ot the rare groups c* materials mat 
can eftettively utilize the advantages associated with 
The polymeric form of drug*, such as high local con- 
centrations of active groups al ihe target site. This sec- 
tinn deals with antibacterial activity of polycatium 
having quaternary ammonium salts and biguanides in 
the main chain or in the side chains. 

Pnlw-aJifln* wllh Mam-Chain Pusltive Charge** 

The structures of yulycalions with main-chain 
quutrrnary amnwrtium baits or mttin-cliaiii biguanide 
groups are shown ii> Figure 2. These polycations are 
more, or less active against bacteria. 

Compound J is a polymeric io-chain biguanide, «md 
/ and 2 are monorneric and dimeric model com- 
pounds, respectively. In the*c compounds, all the bt- 
guanide groups are proioaatcd 3nd are hydrochloride 
salts. The polymeric in-chain biguanide is now com- 
mercially available {Vamoctl) from I.C.I, and its aver* 
uxe device uf putymerixution li» in Uie range 5 7 
[11,12]. Tbis polymer sho**> un outstandingly high an- 
tibacterial activity agaiast Gram-positive and Cram* 
negative, strains and possesses a wide spectrum of 
antimicrobial activity. 

Figure 3 shows the log (survivor*) versus exposure 
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Lime plow fhr these in-cfuio hjguanide compounds. 
These plots were evjluactd against Staphylococcus 
aureus by die viable cell-counting method. The cell* 
of 5. aureus at the canceotrarinn of — JO 1 celtv'ml 
*crcCApu*ed to 10 jig/ml of the biguanUle compounds 
and the number of the surviving ceUs was counted at 
wiuiuk exposure times hy the spread plate method. 
The monomer / showed little bactericidal activity. 
The bactericidal activity of the (timer 2 was higher 
than thai of / and 99.9% of the X aureus cells were 
killed after 2 h exposure. On the Other hand, the 
polymer 3 was m active ajjalnst this strain thai within 
10 min all cells were killed. Not only S. aureus but 
also Escherichia roti, a typical Gram-negative 
bacterium, was (bund tn he sensitive to this polycal- 
icin. Bactericidal activity against E. coii also in- 
crcaicd in the order of monomer < (timer < 
polymer 113]. The effect nf molecular weigh! on the 
bactericidal activity wa* further examined on the 
polymeric in-chain bigtwiiicfe 3 with higher molecular 
weiyfu lhan thai commercially available. A polymeric 
biguanidc with the degree of polymerization larger 
than 10 was found tn *hnw much higher activity 
against S. aureus and E. cati fl4|. 

Pulycations with in-chain quaternary ammonium 
salts also show antibacterial activity [15-20]. Ptitycat- 
iuns with positively charged nitrogen atoms in the 
main chotas (ike 4 9 are called ioneoes. Rfiinbaum et 
al. studied the antibacterial activity uf toncic 4, in 
which the number of methylene spacers, x and y, was 
varied [15-17]. Although monomelic and dim eric 
hoinologues of 4 could nut prevent the growth uf bac- 
teria even at such a high concentration as 1,000 ^g/ml. 
the polyionene 4 showed hij«h baaeriottutie activity 
against S. aureus and £ ooli as shown in Tabic 2. In 
die table, the figure indicates t)ie mituimjiu inhibitory 
concentration (MIC) expressed in ag/nt], which is u 
measure of the bacteriostatic activity. The growth of 
bacteria can be seen as colonies in the presence of the 
drug at the concentrations below the value of MIC 
Thus, the lower U the value, the higher becomes the 
bacteriostatic activity uf the drug. 

fl is clearly seen in the table that the length af the 
Alky) spacers affects sharply the bacteriostatic activity 
al the ionene* and 6,KHunene with x = 6 and 
y - KJ exhibited the highest activity against S. 
aur*u% and coii. These ionenes reportedly show 
bacteriostatic activity against /V««irwvmwr aerugi- 
nosa and Bacillus subtilss. Vucctic ct al. explored the 
antibacterial activity of poly ionenes having spacers 
other than methylene chains (5) and reported chat J-a 
and 5-b cs hi hired haclericidal activity against S. 
aureus and .i-c-5-e were bacteriostatic against the 
same bacterium [19]. In these early studies, however, 
no systematic works were performed on, for example, 
(he effect nf molecular weight on the antibacterial ac- 
tivity. 

Ikeda et al. synthesized a series of ionenes with the 
same spacer structure hut different molecular weights 
in order to investigate the effect of the motccular 




ftprc 3L Bactericidal icihfcy of potycaiwi J breJ tow molecular 
weight lrdqguct (/.>> S. aama \G\ (\), t; (A). 2: (0) % 

3. Concentration of the citioro wii U uglml. 



weight on the antibacterial activity of the eationic 
biocides. [20]. Two kinds of spacer structures were 
employed. One was a rather rigid xylykne group [6 
and 7) and the nther was a flexible hexamemylene 
group (S and 9). Hot both series, low molecular 
weight bomologues [monomer (a), dimer (b). irimer 
(c) and tclramcr (d)| were prepared and were ex- 
amined as to their antibacterial aciiviry. In Table 3 is 
shown the bacteriostatic activity of the bomologues 
with xylylene spacers against a subtilts, £ aureus, £. 
cati, Arrnhacitr atmgenes and P. aeruginosa, as 
evaluated by ihe range nf the MIC values The two 
figures in the table for each strain indicate the range of 
MIC: the growth of bacteria could be observed, as 
visual colonics below the lower value uf MIC. 
vthereas no colonies were seen above the higher value 
of MIC. Consequently the exact MIC is supposed to 
lie between die two values. A general trend can be 
seen in the table indicating thai the ionenes are more 
active against Gmm-posuive bacteria (A xubiUiv and 
5. aureus) than against Gntrn-negarrve strains (£. coii, 
A. atrugenes and P. aeruginosa). If is also seen that 
monomtric (6-a) and dimeric (6-b) ibrrns are practi- 
cally inactive against every strain. The striking fea- 
ture seen in the table is that the activity Against R $ut>- 

Tatxe Z Bacteriostatic actMty of various fononos p 7J, 
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Tabl& a Moiecuiar weight dbpandenco of bacteriostatic ectivity of ionenes [20]. 
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higher activity than other low molecular weight oli- 
gomers. 



Polycatfons with Side -Chain Positive Charges 

Figure 5 shows the structures of poIycatJoas with 
side-chain posilive charges, of which antibacterial ac- 
tivity has so far been recognized. Ainu ay these 
pnlyeatLorii, the potency of antibacterial activity of 
basic polypeptides was realized in the early stage of 
studies. In the 1950s, Katohalslci et al. found Ituit 
polyornhhine (JO, rn = 3) r poly lysine (10. m = 4) 
and polyargraine (//) showed antibacterial activity, 
while their mommcric amino acids were inactive 
L2I.22J. Studies were extended to synthetic basic 
polypeptides, and polvanthin (12), tur example, was 
found in be highly active against S. aureus, R suhrilii 
and Mycobacteria, ulUwugb. it was practically inactive 
against Granvnegalive species {23,24]. Polyanthia 
was in fact examined in llie clinical application as an 
antituberculosis agent [23,24]. 

Ranarm et al. synthesized the hatnopolymer:* of 
vinykunint {IS) and methacrytates with side-chain 
quaternary anuiaMiiuia salts (15, /c\ 27) as well ax 
ihcir copolyaiers with N-vlnyl-2-pyrrolidone (13, (4) 
and examined their antibacterial activity |25|. In 73-a 
and J4-3l, various copolymers were prepared in which 
the compositional ratio of vinylzmme or the meih- 
acrylffte with side-chain quaternary ammonium salt to 
NAinyI-2-pyrmlidnne wax altered, and the effect of 
the positive charge density on bacteriostatic activity 
against 5. aureus was investigated. As shown in 
Figure 6, a good cwrulutum was observed between 
the molar fraction of the ha sic groups in the copoly- 
mers and the logarithm of the MIC values of the co- 
polymers. In these copolymer^ no effect of the 
counter-onion on the bacteriostatic activity was recog- 
nised among CI", Br" and [". The etfecT of molecular 
weight on the bacteriostatic activity against aureus 
was also explored for the copolymers /J-a and 74-b. 
In these polycarioni, the molar fraction of die 
monomer with the quaternary ammonium sail was 
kept nearly constant (-25 mo! St for J3* and ~ IS 
mnl% for J4-b) and the molecular weight was 
changed at evaluated by the intrinsic viscosity, (,<?], 
measured in 0.5 M KCl solution. Tible 4 shews the 
MIC values uf tliese copolymers aguinsi aurem, 
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tilit and J. aureus increase* in the order of 6-c < o'-d 
< 7, i.e.. in the order of increasing molecular 
weight. A similar pattern of the effect of molecular 
weight on activity can be seen against E. call and A. 
uwgencs. Figure 4 shows the log<survivors) versus 
exposure lime plots for the rtamoloaues against 5. 
aujvta and £. coti. The concentration of cations used 
was 1,000 Mg/ml except 7. for which the concentration 
was 10 iig/ml. The polymer 7wa* highly active, and 
all cells of S. aureus and E coti were killed within 30 
ruin of contact. Among the oligomers, the trtromcr 
5-d was most active against both strains. Although the 
difference in bactericidal activity among the oligo- 
mers with N* < 4 was not clearly observed against S. 
atueta. rhe cidal activity was found to increase with 
molecular weight against K coti. Even at lower con- 
centrations (at 10-100 *<g/ml) t the terminer exhibited 
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and /4-tt On huiarkistaik' »titrilr aping 5. wrut [25). 



demonstrating that the bacteriostatic activity of the 
copolymers wa& not affected by the molecular weight. 

Ike-da et al. investigated the antibacterial activity of 
homopolymcis of polyacrylates (2/-a) and potymcth- 
acrylatE (2/-b) with side -chain biguanide groups and 
their copolymers with acrylamidc (22) [26,27). Both 
of' the homopotymers 2/ -a and 2 l b exhibited much 
higher bactericidal actrvity than those of the relevant 
monomers. Figure 7 shows the tog (survivors) versos 
exposure time plots fur 2/ si (molecular weight - 
12)300) against 5. aureus, which was evuluateU by the 
viable cell counting jncthod. Exposure of the 5. 
aureus cells ( - 10* cella/raD to the cations was per- 




formed in sterile distilled water, la the cuac of the 
monomer, ~-99% of the bacterial cells were killed 
after 2 h exposure to 100 jig/ml of the monomeric bi- 
guanidc, while in the case of the poh/meric biguanide 
(22 -a), all the bacterial cells were killed within 30 min 
even at the concentration as low u 0. 1 (tgfml f 26] . A 
similar result wis obtained against E. coU, though the 
activity against this Gram-negative strain was some- 
what lower than against 5. aureus. The copolymer* 
(22) exhibited less aaiibaoerial activity whatever the 
compositional ratios of the biguanide monomer to 
acryl amide - 

The effect of molecular weight on bactericidal ac- 
tivity was examined on the fractionated samples of 
2/-b. Because of the strongly adsorbed nature of the 
polymeric biguanldes towards conventional gel media 
based on dextran and cross- linked polystyrene, frac- 
tionation on the basis of molecular iter was only suc- 
cessful by gel nitration with cross-Linked acrylamide 
gel medium. The molecular wci^it of the fractionated 
sample* was determined with a low-angle tight scat- 
tering photometer, and those wen -characterized sam- 
ples were examined an In their bactericidal activity 
against S. aureus. As shown in Figure St the bacteri- 
cidal activity of 2/-h was found tu be strongly depen- 
dent on then molecular weight [27]. A significant 
result obtained in this study is the presence of the op- 
timal molecular weight region for the cidal action. In 
the low molecular weight region below molecular 
wdght of 5 x K)*, the bacteridical activity increased 
with molecular weight and in the high molecular 
weight region Jbovt 1.2 x 10 s die cidil activity 
decreased RharpJ y with molecular weight. The 
polymeric biguarride with the optimal molecular 
weigh! exhibited a cidal activity against .1 aureus 
more than K) 1 times as high as the monomcric humo- 
logoe. The molecular weight dependence of the bac- 
tericidal activity was also investigated for the polycat- 
iao with side-chain quaternary ammonium salt (75>-c). 
Because of poor potyrnerizahility, the molecular 
weight of the highest fraction was 77JU00 and below 
this molecular weight the bactertcidaj activity was 
found to increase monotontcalty wiih tnoleculux 

Tabta 4. Motocutef weight deperxtenoo of 
bacteriostatic satvlry of polycattona with s«e-cfta*> 
quaternary ammonium osits 125). 



Figure 7. Dacurlchud icilviiy of potycatib* 21 •* and monomer 
*5»iim 5. <snw 11$]. (O), Vkmonun (• ). 2J-a. 
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weight. Bacteriostatic activity erf the fractionated 
polymeric quaternary ammonium wit was explored 
against S. diiwiif, & suhrilis. £. atf, arrogates 
and P aeruginosa and the MIC values obtained 
showed little molecular weight dependence. 

Special precaution must be taken in the evaluation 
of the antibacterial activity of the polycationiu 
biocides. Ax fCatchakiri already pointed out in the 
early 1950s pnlycations. la particular those with high 
molecular weights, have a strung tendency to form in- 
soluble complexes with pnlyanions inch as DNA and 
RNA [72\ This strong interaction of the polycations 
with negatively charged species tc considered to be an 
origin of the high antibacterial activity of the poiyeni- 
ionic biocides us ditcuascd in detail m a later section, 
since the interaction of the polycations with negatively 
charged components, present in bacterial cytoplasmic 
membranes is regarded as a crucial step in their lethal 
action. However, the strong tendency to form insolu- 
ble complexes with the pofyan ionic species make* it 
very difficult to evaluate precisely the incihacterial ac- 
tivity of the pofycationk biocides. 

Conventionally, bacteriostatic activity of disinfec- 
tants is evaluated by the spread plate method, la thiv 
method, a bacterial culture is spread on nutrient agar 
containing various concentradoos of the disinfectant, 
then incubated, b is examined rro the formation or 
visual colonics. Application of this conventional 
method to polycations, however, requires special pre- 
cautions. Growth media used to cultivate bacteria usu- 
ally contain acidic constituents, such as sodium ca- 
scinatc, which form insoluble complexes wiih 
polycahons, thus leading to inacti virion of the poly- 



cationic biocides IZ7,2BJ. In (act, this inacrivarioD of 
the polycationic biocides has been observed so tar tor 
i he aide-chain polycations (19 and 21), and their MIC 
values against fl lubtMs, S. aureus. E coii, A. aero- 
getus and P. aeruginosa, evaluated by the spread place 
method, were higher than those of the relevant 
monomers. In order to eliminate the interference by 
the constituents in the growth media, the antibacterial 
assessment should be performed in media free from 
ucidic components. One way to fulfill this requirement 
is to conduct the exposure of bacterial cell* to the 
pulycalioos in sterile water with subsequent viable 
cell counting. 

The HL balance described in the low molecular 
weight cationic disinfectants also affects me antibacte- 
rial activity ufpolycarioruc biocides. In 14, the substi- 
tueul at the quaternary ammonium salt (R) was 
Changed from CH, (a) tn C U H„ (f), and the 
bacteriostatic activity of those copolymers was ex- 
amined (25]. In Table S» bacteriostatic activity of the 
monomers and the copolymers (m/h a* 75/25) of 14 
is shown by the MIC values, ugaiast £ annus. Ji w 
seen thai a monomer with a less hydrophobic group 
{e.g., CH*) »» practically inactive (MIC > lCtfMO 
Wi/ml). However, with increasing r^dmphobicily uf 
the substfcueK, i.e., with increasing chain length of 
the allcyl rcbstitucra, the MIC value decreases in a 
series of the monomers. On the other hand, the MIC 
values of the copolymers was not ugnirtcaiitly affected 
by the iubstirueno. Furthermore, the copolymer* a-d 
exhibited higher activity than the relevant monomers 
with the same aikyt group. 
Similar behaviors have been observed lor polycat- 
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TobtB 5. Effect ot atkyf chain length In copolymer 14 
on bacteriostatic actMty against S. aureus {25} 
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ions with side-chain quaternary ammonium salts </9). 
la 19, alkyl chain length was, varied and their 
bacteriostatic Activity as wet} is that of the monomers 
were explored by the spread plats method [28]. The 
MJC value* thus determined against $. aanruj. A 
subfilis, E. coll, A. aervgenes and P. aeruginosa arc 
listed in Table A. Among dimcthylbenzyl ammonium 
salts (i5M>, c, d), bacteriostatic activity of the 
monomers increased in the order of b < c < d ir- 
respective of strain. The activity of the polymers was 
found to be in the xame order agiirut Gram-pus dive 
$t rains. However, the polymer with the longest alkyl 
chain (19-(S) exhibited much (ess activity against 
Gram-negative bacteria than the other polymers. This 
polycatioa {/9-d) f however, showed die highest anti- 
bacterial activity when the activity was explored in 
sterile distilled water— the ciial activity of the 
polymer was much higher than that of the correspond- 
ing monomer [28]. A similar effect of the HL balance 
on the antibacterial activity was observed for poly- 
meric pyridifuum salts (20) [29]. 

Facttjrs ulTeciiag the antibacterial activity, other 
than the molecular weight and the HL balance, in- 
clude the structure of the spacers between the positive 
charges. In the polyiooene 4, the methylene spacers 
between the positively charged N atoms were found to 
a Sea the antibacterial activity of the polyiooenes in 
such a way that the longer the methylene spacer is, the 
higher becomes the activity (20 J. Furthermore, a 
rigid spacer seems to be favored for the and bacterial 
activity. The potyionene with rigid p-xylylcne spacer* 
(7) exhibited much higher antibacterial activity than 
one with flexible boa methyl em spacers (9) [20], 



However, a polyionene with o-xy)ylene spacers 
showed rauVr lower activity [20], Hydrophilic ipa- 
ccrs were found to reduce the activity. A polykroeoe 
with a hydroxy group in the spacer vm practically in- 
active, demonstrating thai the hydrophibc spacers 
drastically reduce the antibacterial activity [20] . 

In this section, we described the antibacterial activ- 
ity of various polycqrioiu. We have realized a general 
trend indicating dial the polyc&rions are more active 
than the relevant marjomerk compounds, and the 
polycatiorts show higher activity against Cnun- 
pofitive bacier'ta than against Gram-negative strains. 
Vfe also have pointed out thai special precaution 
should he paid m evaluate the antibacterial activity of 
polyearions with high molecular weight in media con- 
taining acidic compooenu Coraplexaaoo. followed 
by inacttvatino of the porycauons, always take* place, 
making the precise evaluation of the antibacterial ac- 
tivity very difficult. 



STRUtTUKt Or' BACTERIAL CELL WALL 
AND CYTOPLASMIC MEMBRANES 

Before wc discuss the mode of action of the polycat- 
iunic biocidea, ue refer to the stnicittre of cell enve- 
lope of bacteria, whkh is considered as the target site 
of the poJycationic biccides. 

Bacteria are urocellular microorganisms composed 
essentially of cell wall, cytoplasmic membrane and 
cytoplasm. Bacteria ire classified into two groups de- 
pending on the structure of their cell walls; Gram* 
positive and Gram -negative bacteria. The cell wall of 
Gram-positive strain is mainly composed of pcpii- 
doglycan and technic acid {Figure 9) [30]. The pcpli- 
doglycan is an alternating copulymer of N -acetyl - 
glucosamine and N-acctyimuramie acid, to which 
polypeptide wiih appropriate chain length is attached, 
thus the overall structure of the cell wall of Gram- 
positive bacteria is somewhat mcsh-!ike[3J). Teichoic 
acid is it phosphate dicster of glycerol or ribitol. there- 
fore is negatively charged at physiological pH, and is 
considered to play a role to uptake of Ca** and M^ 1 " 
ions [30]. 

The structure of the cell wall of Gram- negative bac- 
teria is much more complicated than thai of Gram- 
pnsrtive species. As shown in Figure UX the pepii- 
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dogrycan layer is rather thin, but there i* anothex layer 
outside the pcfXidoglycan layer called the outer mem- 
brane. The outer membrane ix composed mainly of 
lipopolysaccharidca and phospholipids [31]. A signifi- 
cant role of the outer membrane is to protect a bacte- 
rial cell from attack by foreign compounds &ucn as 
disinfectant*. Thus, the much lower sensitivity of 
Gram-ucjidivK bacteria ttwwtrd antibacterial agents is 
due mainly to the presence of die outer membrane. Ai 
described in (he previous section, Gram-negative 
Mrairn are le« se/uitive toward catiooic disinfectrtnu 
than Gnun-poOtive strains. Furthermore, it is be- 
lieved thai the outer membrane prevents penicillins 



and lysozyjnc from reaching their target sites, which 
is why these antibacleruil agents arc inactive again*! 
Gram-negative hoctcria. Removtd of rnecd ions by 
chelating agenti like EDTA results in partial break- 
down of the outer membrane since the metal ions arc 
essential co stabilise the HpoporyMccharide layer in 
the outer membrane. In the presence of such chelating 
agents aa EDTA, pcnkilliiu urn! lysozyme become 
highly active against Gram-negative species [32], 

Unlike the cell wall, the structure of the cytoplas- 
mic inetubnuies is cwcntinlry the same between 
Gram-positive ojkI Grain-negative bacteria (Figures 9 
and W). The main constituents of the cytoplasmic 
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Flgurt Ml Structure of u.0 envelope of Gnm oqtaliw taclcru (31). 



rxetnbrane are proteins (membrane proteins) and 
phospholipids- Extensive studies on phospholipids in 
the cytoplasmic membrane have beeo performed, and 
it has become evident that phosphatidytemaiiolamine 
<PE), almost neutral ai physiological pH, h a major 
component present in the bacterial cytoplasmic mem- 
brane, and thai phosprmtidjrtglycerol (PG) and its 
dimer cardiolipin (DPG), both of which are 
negatively charged at physiological pH, are major 
acidic components. It appears that in the cytoplasmic 



raernbrario of E. coTt PC constitutes about HU% nf the 
total lipids, and the acidic PG and its dimer DPG are 
each present to the extent of - 10% (Table 7) 1 13, 341. 
In eufcaryock cells, the phospholipids present in the 
cytoplasmic membranes arc different from those of 
the pnftaryotic cdls. In the cukaryotic cells, 
prwsphatidylcholine (PC), neutral al physiological 
pH, it the major zwittcritmk lipid and phospbau- 
dylaerioe (PS) is the major acidic component la place 
uf PG and DPG of the prokaryolic cells. 
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7&iM 7. Composition of phosphctpkh in cytoplasmic 
membrane and outer membrane of £. cofi pUJ. 
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MODE OF ACTION OF POC\C*TIONIC BIOCIDES 

The target site of the low molecular weight canonic 
biocides is the cytoplasmic membranes of haccera 
and the following elementary processes have been 
proposed for their mode of action |4.I1J. 

(1) Adsorption onto the bacterial cell surface 

(2) Diffusion through the cell wall 

(3j Binding to the cytoplasmic membrane 

(4) Disruption of the cytoplasmic ircmbraac 

(5) Release of cytoplasmic cututitucrtts such as K' 
ions, phosphate ions, DNA and RNA 

(6~) Death of (he cell 

It is now generally accepted that the mode of action of 
the polycsuonic biocides can be interpreted on the 
basis of each elementary process described above, 
since the same physiological events as in processes 
(I), (3) and (5) have been observed Kir the poly- 
canonic biocides. 

it is well known that the bacterial cell surfaces are 
usually negatively charged, as evidenced by the dec- 
(ropborcric mobility measurements. This is explained 
by (he fact that there are many negatively charged ipe- 
cies in the cell wall, a* is briefly described iatbepre- 



vious section. The adsorption of polycations onto the 
cegativery charyjd ceU surfitccs is expected to be fa- 
cilitated in comparison with that of monnmeric cat- 
ions because of much higher charge density curried 
by the polycations. In fact, immediate adsorption uf 
the side-chain polycations (13-M) onto the bucterlaJ 
cell surfaces has been confirmed by fluorescence 
spectroscopy [251- Polycationi are superior to 
monomelic cations in the annual and the degree of 
adsorption 135]. 

Low molecular weight cationic biocides induce 
leakage or K 4 wna, phos prime ions and cytoplasmic 
constituents which have absorbance at 260 cm 
{mainly DNA end RNA, and called thereafter "260- 
nm absorbing materials") from the bacterial cells im- 
mediately after the cationic biocides are adsorbed 
ontn the cell surfaces fU,36-38J. Pigure 11 shows the 
amounts of K* km*, phosphate inns and the 260- am 
absorbing materials released from - 1C cells/ml of 
£. coll in contact with Q 2 mM of cetrimidc (Figure I) 
at 25«C at pH 7 as a tunction of the contact time |38|. 
Release of K' inns is very fast, it starts soon alter the 
£. enii cells are exposed to the cationic biocide and is 
completed within -60 mm. Lrau of the phosphate 
iuna and etc 260- nm absorbing materials from the 
cells is rather slow. Since it has been confirmed that 
the low molecular weight cationic biocides undergo 
no interaction with isolated cell wall component*, it it 
.reasonably uKumcd that the Low molecular weight 
catiunic biucuks penetrate the cell wall and reach the 
cytoplasmic membrane very quickly, inducing tbc 
lealcage gf the cytoplasmic constituents (39}. 

A similar leakage itf the cytoplasmic constituents 
from the bacterial ceUfl was observed when the pnhy- 
catinns were exposed to bacterial ceil culture 
[14,20,25,27]. Brcouon ct al. investigated the leakage 
of the cytoplasmic constituents from the £ coli cells 
W cellsyml) in contutl win various cooccntra- 
tions of the uxhain biguanide polymer (J; n >. 10) 
and obtained the results shown In Figure 12 [14J. A 
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churacteristk; feature Keen in Figure 12 is that tbc loss 
of X* iotis from the cells is extremely fest and is 
caused by the polymeric biguanide al conccotnrtiuny 
modi lower than that required for lealmgt: of the 
phosphate ions ind the 260-om absorbing materials. 
These results strongly su^pest that polycatkins pene- 
trate the wall and rcuch Che cytoplasmic mem- 
brane, inducing the leakage of the cytoplasmic constit- 
uents as in the case of the low molecular weight 
catianic biocides. 

Morphological change of bacterial celts on expo- 
sure to cationic biocides wis investigated by electron 
microscopy [11,25,39]. Davie s et si. revealed that 
when the E, coli ccur were exposed to a low cooeen- 
traiion of a biguanide biocide, chlorhexidioe (Figure 
I), bacterial cell surface became swollen and blis- 
tered, whereas exposure of the bacterial cells to a high 
level of chlorfaexidine brought about leakage of the 
cytoplasmic con&riruenb, followed by intracellular 
precipitation of the lost materials [11]. Exposure to the 
high level of chlnrhexidinc led finally tn shrinkage of 
the bacterial cells with electron dense bodies inside 
the cells [111- A similar morphological change of the 
S. aureus cell* was observed when the cells were in 
contact with a polycatton with side-chain quaternary 
ammonium salte {/5-b) [25]. These results indicate 
that (he target site of the catioruc biocides, regardless 
of the molecular weight, is the cytoplasiaic membrane 
of bacteria. Strong inlentcfiun with the cytoplasmic 
membrane is a primary step in the morphological 
change of (he cell* ubwrvwl. 

In the lethal actios of the cabooic biocides de- 
scribed previously, process (2) is undoubtedly sup- 
pressed as the molecular size of the diffusing species 
increases, since the peptidoglycan layer in the cell 
wall act* a* a potential harrier again* foreign mole- 
cules with high molecular weight. As schematically 
illustrated in Figures 0 and ID, the rigid peptiduglycan 
layer constitutes the basic framework of the cell walls 
and provides the bacterial cells with characteristic 



shapes like a rod and a sphere The cell wall play* a 
key rale in preventing the bticlerial cells from osmotic 
lysis [40]. Since the rigid pcptidoglycan layer pos- 
sesses u nuab-like btrucuire, foreign molecules with 
small size arc expected to diffuse rather freely through 
the cell wall. However, diffusion through the cell wall 
is believed to become difficult for mulscule» with in- 
creasing molecular size [31]. Very few quantitative 
data are available at present on the sire of the foreign 
molecules that can diffuse through the cell wall 
without difficulty. It seems reasonable to assume that 
the size of the freely-diffusing foreign molecules is 
strain-dependent. 

The bell-shaped dependence of arjibacrerial activ- 
ity on molecular weight of the polycaiionic biocide 
(Figure 8) can be interpreted on the basis of the ele- 
mentary processes in the lethal action of the cationic 
biocides [27). Because of increasing charge density nf 
the polycatioQ, the adsorption of the polycatiuo unto 
the bacterial cell surfaces is enhanced with increasing 
molecular weight nf the polycaiion. A similar en- 
hancement can be expected jn the binding of the 
pojycation to the cytoplasmic membrane (process 3), 
since there are many negatively charged species pres- 
ent in the cytoplasmic membrane, such as acidic 
phospholipid* und some membrane, proteins (see the 
section on "Structure of Bacterial Cell Wdll and 
Cytuplaimic Menihranes 1 '). The disruption of the 
mcmbmnc (process 4) is a consequence of Liter action 
of the bound polymers with the membrane and is ex- 
pected to be facilitated with increasing amounts of the: 
bound polymers. Process 4 would be immediately fol- 
lowed by processes 5 and 6, and thus processes 1, 3 
and A (5 and 6) can be assumed tn be enhanced wiih 
increasing molecular weight of the polymers. On the 
Other hand. a< discussed above, process 2 h supposed 
tn be KuppreKKed with increasing molecular weight. 
The observed optimal molecular weight region for an- 
tibacterial activity against S. aureus can, thus, be in- 
terpreted in terms of a sum of two kinds of controlling 
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factors: one is positive (enhanced) with molecular 
weight (processes 1, 3 and 4) and the other is negative 
(suppressed) with molecular wight (process 2). 

Id order to explore the effect of the cell wall, anti- 
bacterial Activity of the polycatinnic biocides against 
two types of bacterial celh was investigated [27], One 
is the iotact cell and the uibex is a proKspdui which is 
freed from the cell wall. A protoplast is a bacterial 
cell which can be prepared by the action of lysozyme 
in hypertonic joluiioo. Because of the absence of oSe 
cell wtiII, the cytoplasmic membrane is directly ex- 
posed to the environment in the protoplast, thus it it 
quite vulnerable to the change in the environment. 
The protoplast survives only in the hypertonic solu- 
tion. The protoplast and the intact cells of & subalis 
were exposed ro the polycations (/P-c) with various 
molecular weights h the hypertonic solutions and the 
loss of the 260- iu n absorbing material* from lie both 
cells was followed (27]. The loss of the 260-nm Ab- 
sorbing material* U in fact a direct measure of cell 
lysii Figure 13 shows the amount of 260-nm absorb- 
ing material* that were released from the lnm.t ccDs 
and the protoplasts of A subtilis in contact with 10 
jig/ml of the puliation (1$*), as a function of the 
molecular weight of the poiycatton exposed [27]- A 
bell-shaped relexa: profile was obtained for the intact 
cells, while a monotonia increase was observed for 
the protoplast*. The* e result* clearly indicate that the 
targei ate of the rxilycationic biocides is (he 
cytoplasmic membrane uf bacteria, and exdawoa at 
the cell walls operuus for polymers with high motecD- 
lar weight. 

li is still ambiguous how the pnlycatioalc biocides 
ioteraci with the cytoplasmic membraae with subse- 
quent disruption. There are two possible site* io the 
cytoplasmic membrane for ioieructiun with the poly- 
cations: the membrane-bound proteins and the phos- 
pholipid v Relatively little it luwwn about the 



mcmbnuje-proteins. Oo Che other hand, the phospho- 
lipids have been exensivcly sladied. This may be due 
partly to the fact that method for isolation and 
purification of the phospholipids has been nearly es- 
tablished untl highly purified samples are available. 
Furthermore, such excellent model systems as lipo- 
some, bluck tip id membrane and monolayer mem- 
brane can now be readily prepared, and their proper- 
ties have been thoroughly investigated. By the use of 
these models for the cytoplasmic membranes, many 
studies on the interaction nf various substrates with 
lipid bilayer membranes have boen performed so Jar. 

As described in the section ua "Structure of Bacte- 
rial Cell Will and Cytoplasmic Membranes**, many 
kinds of the phospholipids are teen in the bacterial 
cytoplasmic menibrancf. Simply, they are classified 
into two groups according lo die structure of the polar 
head groups. Ooc is zwitterlonic phospholipids, 
which Include PC end PE. They art nearly neutral at 
physiological pH. The other is acidic phospbo lipids 
(PC. DPO and PS. etc) which arc negatively charged 
al physiological pH. With the aid of highly purified, 
well-characterized phospholipids, the effect of inor- 
ganic ions such as CV* and organic ions such 
as acetylcholine and polymyxin B on the model 
bilayer membranes has been investigated by thermal 
tumtyias (OSC etc.), fluorescence spectroscopy, 
NMR, X-ray diffraction method, and a variety nf 
phenomena have been observed- phase separation, 
fusion, phase transition tn hexagonal H phase and 
iaterdigilated phase 141-45]. 

Tirrel et al. tojdied the interaction of (he polymeric 
in -chain quaternary ammonium salts with lipid 
bilayer membranes by DSC and X-ray diffraction. No 
significant effect of potycdiyleonirune oa a neutral 
bilayer composed of mpalmiti^'lphospbatidylcholme 
CpppQ was observed, while on a negatively charged 
b Layer membraae tump used of dipalmitoylphiwphati* 




vt«xi<r* 



fjgur* IA Rett** pi "til. of 360 run-»U*Ht>m£ macerlals Irtxn ii«ci cdU 
fO) pPMfjpltfls (O) of R udmli* in contact wirt) potjotion 1*< u » 
function ti mot ecu br »«if fit £7] Coriceuir«ii(m vt ft-c, O w'tnl 
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dyl&lycerol (DPPG) Slrooj} interaction was recognized 
and the jje I -to -liquid crystalline phase transition tem- 
peramre (J*.) of the ncgativeJy charged bilayer wax 
shifted to lower temperatures [46^47] . 

A specific effect of polyionene (4) was observed on 
the DPPG bilayer membrane. X-ray diffraction study 
j on the structure of the mixture of ihe DPPG man- 

; brane and the polyionene 4 revealed that the mterdigi- 

' toted phase was induced by the addition of the poJy- 

; iwienc where the hydrocarbon tails of DPPG are 

j deeply interpenetrated (48,49|. 

I! Ilie iatcructiim of the biguanide polymer (J) and 

lipid b Raver mrmbranei was invebtitfuted by DSC and 
(hioresceuce polarization method [50,51], The poly- 
mer 3 and the monomer model compound / both 
! knracd the 7*. of the negatively charged bilayer com- 

posed of acidic PC by - lO'C This is in contrast to 
the effect of Mg^ and Co 1 *, which increased the Z of 
the same bilayer membrane. Behavior of Ihe polymer 
different from that of (he monomer wa$ observed 
toward a mixed bilayer of PC and PC. The polycation 
caused aggregation of the negatively charged PC in 
the vicinity of the adsorption site and funned the poly- 
carioit/PG domain, thus indue ir-g the phase separation 
! in toe mixed bilayer. On the other hand, no a^grcga- 

[ liao was observed on addition of the monomer ic cat- 

i ion. Aj described in the section an "Structure of Bac- 

j tcrial Cell Wall and Cytoplasmic MembraQcs", 

i bacterial cytoplasmic membranes are composed of 

neutral and negatively charged phospholipids, there- 
fore it is believed that parycatkraic biocides induce 
pbase separation in the bacterial membrane on bind- 
ing. 

Aggregation behavior of acidic phospholipids in the 
bilayer membrane & by basic polypeptides has long 
been studied. These swdie* were devoted primarily to 
j . duudittng how the basic memhrjne-pmteins interact 

f with matrix phospholipids in the cytoplasmic mem- 

branes and how the functions of ihe membrane-pro- 
teins arc affected by the matrix phospholipids. These 
studies are, hwtver, useful in providing the baste in- 
sight into the rjolyraiic^iienibrane interaction. 

Pulylyjvirtc- induced phase separation was observed 
in the mixed bilayer of PC and phosphaitdic acid 
{PA), us in the case of polycation 3. Thi* resull ted to 
the assumption that extrinsic n^brane-protelns af- 
fect the composition of the phospholipids near the 
i location site, although nSe ejurinisic proteins me only 

I loo bound ai the surface of the cytoplasmic mem* 

! brane* [52]. Spin-labeling study revealed that 

cyujchrvme C, an extrinsic membrane protein, spe- 
cifically binds to ihe acidic DPG in the mixed mero- 
\' brane of DPG and steroid, and forms a cluster in the 

membrane [53] . Myelin, a protein containing 38 basic 
residues in tho molecule, induced aggregation at' 
\ 27-34 molecules of the acidic phospholipids in the 

j vicinity of the location site, and caused phase scpara- 

! lion in the mixed bilayer membranes of ncuira) PC 

| and acidic lipids (PA. PG or PS) [54,551. 

j Galla et ftl. investigated the interaction of poly- 



myxin B, a canonic oligopeptide having high ami bac- 
terial activity (Figure 1), with the. bilayer membrane 
by the fluorescence polarization method. They found 
that polymyxin B bind* specifically to acidic phospho- 
lipids (PA and PG) and induce* phase separation in 
the drpalimtoryriKwpharidic acid (DPI^ydistearoyl 
PC mixed membrane [44], On addition uf polymyxin 
B » the monolayer of DP PA, expansion of the 
monolayer wis observed. In the case of the bilayer 
membrane of DPBA, 7*. was found to be lowered by 
-20°C rm addldon of polymyxin R However, no 
effect was observed when polymyxin B was added to 
the neutral bilayer membrane. 

Recently, Interaction of a polymeric ln<hnln am- 
monium salt with phospholipid bilayer membranes 
was studied by time-resolved fluorescence spectros- 
copy in cormecrJon with the antibacterial activity of 
the polycation {56]. Particular attention was paid in 
this study to a phenomenon of polycanon-induced 
ftuidization of the membranes, which was wdl- 
evaluated by the time-resolvgd fluorescence snisot- 
ropy measurements. The fluorescence anisorropy, 
r<f), of l^djphenyl-l,3,5-bcxniriene (DPH) em- 
bedded in the membranes was anely7ed based on the 
simples: wobbling - i t>-conc model. Strong interaction 
was observed between the polycation 7 and the DPPA 
membrane as demonstrated by a large decrease of re- 
sidual polarization value on adding the pulycatiun 7lo 
Ihe DPPA membrane. This means that the cone angle 
of the wobbling-io-cone morion of the DPH molecule 
increases by the addition of the polycation 7, in- 
dicating the polycaOon-induced fluidizalion of the 
acidic membrane. On the other hand, r(i) of DPH 
embedded in the DPPC membrane was not affected 
significantly by die addition of 7, which is presumably 
due to non-binding of the polycnDcn tu me zwit- 
trrionic mcmbntne. These results clearly indicate that 
the polycalionic bioeid* interacts strongly with 
negatively charged membranes, inducing fluidizalion 
of the membranes. 

Interaction of various polyionenes with phospho- 
lipid bilayer mcjribrancs was also explored by means 
of DSC with special reference to their antimicrobial 
activities [57], Addition of polyionene 7 and "caused 
phase separation in (he mixed bilayer of PC and PA. 
Ability to induce phase separation was found to de- 
pend strongly on the structure of the polyicmene. 
Polyionene with rigid spacer (7) was mint effective in 
inducing phase separation and was most active in an- 
thnicrobJa) activity, while polyionenes with rigid and 
flexible spacers in the alternate feshioo exhibited 
lower activity and their mode of interaction with 
bitayers was similar u> those of all flexible spacers. 
This resuh suggests that the rigid spacers are tavor- 
able for strong interaction with the negatively charged 
bilayer membranes, leading to the higher activity. 
Other factors altering the mode of interaction with 
membranes were molecular weight and hydro- 
phobiciry. With increasing molecular weight, both ac- 
tivity and ability to induce phase separation in- 
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creased. Introduction of hydraptutic groups into (he 
spacers resulted in a loss of activity and ability to in- 
duce phase separation. The antimicrobial activity and 
the mode af interaction with membranes were corre- 
lated and were found to be interpreted on the basis of 
the conformational concept of the polyioneaes in 
so tut ion. 

FoJycationic biocides biad to the bacterial cytoplas- 
mic membranes and disorganize the membrane struc- 
ture. This will undoubtedly affect the function of (he 
mcmbrajie-bouod enzymes. It is reasonably expected 
that the change inactivity of the membrane-bound en- 
zymes wold be lethal and would result in the death of 
the bacterial cells. However, very few studies have 
been performed so far on the effect of the polycations 
on the membrane-bound enzymei. Panarin e» at. in- 
vestigated the effect of polycarions 15 and 16 on the ac- 
tivity of bacterial enzymes activating the antibiotic* 
chloramphenicol and canamycin, which are known to 
be bound to (he cytoplasmic membrane (23|. Chlot- 
amphenicoUcetyltranirferase (CAT) conduct* acetyla- 
(ion of hydroxy groups of The antirjknic and trans- 
forms it into an inactive diaceryl derivative, and 
canamycintrnnsferase (CT) also transforms canamycin 
into an inactive farm, it was (bund thai the polycatiflrw 
15 and 16 significantly inhibit the membrane-botind 
enzymes (CAT and CT) and the activity of (be en- 
zymes was reduced by 10%^ 100% by the action of the 
porycations. The effect of inhibition was dependent on 
the strain and the structure of the polyctuions. S. 
aureus was much more sensitive than E coll and 
potycation 16-b was most effective 

Replacement of mtwter-catiuo* of a polvunkjo a 
another function of the potycation. This leads to 
polyanion/polycruion complcatfkxi ami insolubiliza- 
tiun of the complex. Replacement of Ms 1 * and Ca** 
ions present at the surface of the bacterial membrane* 
by die polycations ii reasonably ejected and may 
result in change in the function uf (he membrane- 
bound enzymes. For example, Mg 1 * and Ca a * are re- 
quired for ATPase to exhibit its function, thus removal 
of these inorganic cations wouJd lead to loss of the 
function of this enzyme [58,59]. Anyhow, the poly- 
cation/membranc-bound enzyme interaction is one of 
the most important subjects to be solved in the future 
for deeper understanding of the mode of action of (he 
pulycatkinic Wooden. 



POLYMERIC MATERIALS WITH 
ANTIBACTERIAL ACTIVITY 

ftilyrncric drugs arc provided wttb properties 
superior to those of low molecular weight analogues 
in view of the high local density uf active groups and 
the film-forming property, which originate from poly- 
meric forms. Furthermore, cross-linking will give the 
polymeric drugs insoluble features, thus uiuiiobi liga- 
tion of the active groups can be readily achieved. 
Polycacionic biocides possess high positive charge 



denary and cxccucra procestabilhy, and have found 
remarkable utility in hygiene and in biomedical ap- 
plications. 

Biomedical contamination of pofymcric materials 
with microorganistns is a primitive but stil) quite 
serious problem and all polymeric materials ore sub- 
jected to sterilization by means of steam, chemicals 
and radiation. However, most materials are often re- 
exposed to the atmosphere, which can lead to recoo- 
tarni nation with microorganisms. Antibiotics are 
prescribed to the patients to prevail microbial injec- 
tions, and this treaunem has in general been success* 
Ail. However, this treatment when from the disad- 
vantage thai frequent and excessive use of antibiotics 
produces resistant bacterial cells, which then require 
more *powertur antibiotics to be effective. One possi- 
ble way to overcome this problem is to develop poly- 
meric materials which themselves have antimicrobial 
activity. Such materials with intrinsic andrmcrobial 
activity may be called "self-sterUizing materials" 
(SSM). In (his section, application of the potycationic 
biocides to a variety of fields is described. 

immobilized Porycattonic Bloddes 

Many trials have been conducted so far to provide 
surface antibacterial activity with polymeric materials 
by incorporating antibacterial agent? covalcntly onto 
the surfaces of the polymeric rnatcrials. This type of 
antimicrobia] agent is termed an ^immobilized" 
biocide and exhibits its activiry through contact with 
microbial cells, thus this action is sometimes called 
tootact <Usin£ecticwf. Merits of the ^immobilized" 
biocides are evident. Firstly, because of immobiliza- 
tion of the active group*, contamination of environ- 
ment with the biocides can be prevented. Secondly; 
continuous treatment of bacterial cell suspension is 
possible by the use of column packed with the immo- 
bilized biocides. Thirdly, owing to covalent bonding 
to the matrix media, the immobilized biocides can be 
regenerated by washing with appropriate solvent, so 
that they can be used for a long time, 

Isquith et al. treated various surfaces with 3-<tri- 
rnedKaysiryljpi^ldimethyloctade^i amrnonium 
chloride (St-QAQ, a coupling agent, and examined 
the antimicrobial activiry of the surfaces of the 
materials, which retain the chemically bonded Sl- 
QAC 160]. The ammonium salts were not released 
from the eurfitces by lepeated washing with water and 
showed antimicrobial activity against a wide range of 
microorganisms. For example, covaJcm coupling of 
Si-QAC to glass bead} resulted in active ptuticlei and 
only 1-4 cells uf Sirtpioasxits jotvalist were seen on 
the surface of the treated glass beads while — 10* celK 
could be observed on the surface of the untreated 
{blank:) glass beads. The surface activity was found to 
persist after repealed washing with detergent solution, 
and 50-timcs washing? did not affect the activity. Ma* 
teriaJs other than glass (natural fibers, man-made 
fibers and metals) were treated by the same procedure 



PAGE 118/240 » RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 ■ DNIS:2734796 * CSID:925-226-4995* DURATION (mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 119 of 240 



760 ^HOIV ACCUTICAL APPUSfltOfJS 



-ICH, >.-!(- CI1*,., 
CH» 



.(Clu-plh-iCHi-^fc 

Jtta -CH-CH, - 



-CH-CH,- 





MontaoHr flbort 


M«4*b 




Acrylic 


Aliuninucn 


HUM *O0j 


UMtKT>1ic 










8 unit 








ACKAUt 


Miuxlbnnxi* 


Natunl fiDm 


Anktei 


W.sd 


CuUan 






Wool 




Kinlk 


Liner 


0*crcn 


Forrol<* 


Ptk 







ITgurr U. Structure oflmmofcilizcd poJvctfijoic bioodet and Si-Q*C-trc*ied m 



and (lie treated Jin fates exhibited i similar surface ac- 
tivity [6061]. 

NtJajpiwu a a\. prepared similar surface-treated 
glass beads and explored their stir bee activity. They 
used 3^oropiopylbimnhray!tfane « a coupling 
agenl, and quaternary ammonium salts were intro- 
duced co-akndy at the surfaces of the gla&A bead* by 
the reaction of the di lor op ropy' groups with various 
N.N-dimethylalleylajiiines 162], They found that the 
alkyl chain length nmrogly affected (he surface activ- 
ity. The cell biu>pen*ion uf £ coli ( - 10* cells/ml) was 
cluted through a column packed with 1.2 g of the 
surface-treated glass beads (80- 120 mesh) and the cell 
concentration of the eluates was evaluated. The glass 
heads retaining C,-C, aUcyl chains showed lower ac- 
tivity while those wilh C»-C„ alky! chains exhibited 
high activity. In particular, the glass beads with C M 
alkyl chains showed the highest artiviiy and contact of 
the bacterial cell suspension with these glass beads 
only fur 10 » wax enough to remove all the celfe from 
the chutes. 

Currently, die formation of trihalnmcthanes and 
other carcinogens as a result of water disinfection 
wiih chlorine is a serious problem, Removal or bacte- 
rial cells from water by the use of the immobilized 
biucides can thus he an alternative and sophisticated 
method of water dtsinflection. 

Recently, many prndocts arc commercially avail- 



able, which ire imparted with surface antimicrobial 
activity. These include underwear, socks and sheets. 
Most of the products are those treared with allcnccy- 
silane coupling agents having quaternary ammonium 
salt* at the surfaces, thereby then surface activity is 
said to remain unchanged after repeated washing [631. 

The surface activity of these treated materials is 
mainly due to adsorption of bacterial celts. The bocte- 
■ rial cells captured seem to be alive on the surfaces, 
thus the surface activity may not be bactericidal but 
bacteriostatic. As described in the section on "Mode 
of Arti on of Pnlycarionie Bincide*" the positive 
charges play a key role io the adsorption of the celts, 
bul other factor* btem to afleci atwngh/ the adsorption 
bchaviirrx. 

Cross-Uiiked quaternary ammonium salts have also 
been studied as to then ability to adsorb die bacterial 
celts. The cross- linked resins prepared from cross- 
linked poJyf(±loromethyl5ryreae) and N,N-dimeihyl- 
dodecylamioe showed antibacterial activity against R 
suhtilis and exerted an ability to capture 9 x 10* 
ceJU/g of the cells [64]. Furthermore, the resin was 
found to enhiWl the activity against viruses |65|. 

Systematic studies on the effect of the alkyl chain 
length end the degree uf cross-lmldng on the ability of 
capturing (he bacteria] cells were performed for cmw- 
I inked poJy(pyndinium salts). Nakagatfa et a). In- 
vestigated the adsorption behav ior* of the resins pre- 
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pared from cross-linked poly(4Viny]pyriduic) and 
alky] iodide (6667), In the preparation of m* resins, 
the mule fraction of the cro« 'linking agent, divitiyt- 
benzene, was charged from 10% tu 10% . Arnoug the 
resulting resins, the ability tat capture the bacterial 
cells bcrea«d in the order of 70S < 10ft < 30« < 
50ft. For ihe resins with similar degrees of cross- 
linking, those with the alkyl chain length of C,-C l3 
exhibited ihe highest activity. KawabaU ct a), reported 
thai benzyl moiety wsi quite effective for [lie capture 
of various bacteria] ceJK when incorporated into the 
cross-linked poly(vtnylpyndiniurn wills) [68). Figure 
15 show* the oumher erf the viable cells of £ coii in 
the aqueous phase as a function of the contact time be- 
tween the cross-linked poly[vinjlp>ridinium salts) 
and the benzyl moieiy. Id the absence of this resin, w 
cluuiije to the number of viable eclb was observed, 
whereas in the presence of this resin the number of the 
viable cells decreased with time and 99% and 9999* 
of the £ coii cells were captured after 2 h and 6 h 
contact, respectively. The capture ability of this resin 
against the£. coii cells was estimated to be 1.2-1.5 x 
10 10 eells/g. This resin was found aUo to be effective 
against bacteriophages |fV>J. 

The capture ability at' the bacterial cells was 
btrongly strain-dependott. Ktiwabata et al. investi- 
gated the cea-capture ability of cruw-linfced pofyfN* 
berayl-4-virrylpyndiniurn salts) uod round that the 
sensitivity to the cross -linked resin increased in the 
order of SahnoneUa < Klebsiella < Bacillus < En- 
ttrobactcr < P aeruginosa < £ cvft < S. aureus 
fJO]. The surface negative charges of these bacterial 
cells were determined to be in ihe range of 9 X 
KT'* 6 x 10 l * g*oq/cell and were dependent on the 
strains. However, oo correlation was recognized be- 
tween the scnutivily and the surface charges of the 
cells. These results suggest chat factor* other than the 
curare charges of the cells may operate in the adsorp- 
tion of the cell* by die cross-linked polymeric quater- 
nary ammonium salts. Hydrophobic ity of the cell sur- 
faces is again strain-dependent, h was revealed by the 
Rosenberg method 171.721 that in Sutphyiicoccu*, 
Salmonella, and Bacillus the cell curbces arc highly 
hydrophobic, and among these strains good correla- 
tion was observed between the amount of adsorbed 
cells and the surface charges 170J. 

Other factors affecting the adsorption behaviors are 
the c»U concentration, flow rate, particle size of the 
resins and temperature. It was found lhai low concen- 
tration of ihe cells and low flow rate are favorable for 
cell capture [66]. Furthermore; small particle size 
(large wirfacc ami) and high temperature seem W be 
effective [MJS6]. 

Cross-linked polymeric qua ternary ammoruum 
salts described 60 tar are inactivated by adsorption of 
the microbial cells and polyanions. However, the sur- 
face activity can be regenerated by removal of the ad- 
sorbed materials by washing the resins with ethanol 
and sodium hydroxide solution. Thus, these cross - 
linked materials can be reused repeatedly [62 M. 



a— o— o— o- 



s 



\ 



Figure 15. Ciputc of B. rod ceUi by crwt*-lintod v-itymeric 
q'iiicmiry wnfnqmiaii ults |6tJ. (■) Hflini wtui juntwrnry am- 
muraunt oltt, (b) rtSta* wtttlOlll i»iattin»r »*<l»rtfurfl lilt*. 

66,68]. Another application nf these resins is based on 
the feet that the adsorbed microbial cells are alive on 
the surfaces, although the cell division is inhibited. 
Thus, the cross-linked polymeric quaternary am- 
monium salts can carry a large number of microbial 
tells alive on the surfaces and these immobilized 
microbial cells can be uited in btoreactors [701. This 
method of irurnbilizauon of die microbial cells has 
advantages over other methods in that it involves sim- 
ple operations, no chemical reagents which may 
damage the cells, and has a high strength of adsorp- 
tion. In fact, alcoholic fermentation by The u&e of the 
adsorbed yeast cells on the surfaces of the cross- 
linked polymeric quaternary ammonium salts has 
been rested extensively \T0]. 

Polymeric Maleriab Releasing Low Molecular 
Weight BJoddes 

The characteristic feature of this type of SSM lb 
bactericidal activity of their surfaces since biocides 
are released at their surfaces. 
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flgiwr 1&. Suvcturcj of vinyl mwwuier* witb Hjuinicli urult in 
the nde-cWift tt*-26\ ml reJ £«cd bincide (bjdwtjftd pnduci, • 
2J) ran. 
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When the krw molecular weight quaternary am- 
monium salts were retained in tbc cation-exchange 
resins as counter ions, they were liberated slowly and 
exhibited bactericidal activity [73-75], Liberation of 
the quaternary ammonium tale was. found to be en- 
banoed when the cation- exchange resins prepared 
from weak acids were employed. Furthermore, dJ- 
methylphenylbenzyl ammonium chlorides were easily 
released rcgarUka* of the kind uf resins. Oq the other 
hand, in the cadon-cxchangc rcxira prepared from 
strung acids the amount, of released cation*: biocide* 
was small. Extensive studies were performed on the 
uumbinalion of AIRC-50 (caUun-cwhange resin) and 
cerylpyridinbm chloride (catiorric bkxide). This 
resin with the biocide was found to be highly effective 
in tilling microbial cells &rid no surviving celts were 
observed in the eluatcs. However, the bactericidal ac- 
tivity uf this resin was again dependent on the cell 
concentration, contact tinac and tcrcperamrc. At 
higher temper arc ics the activity W as high, but even at 
room temperature the activity was high enough to till 
all microbial cells under ordinary conditions. pH did 
not afreet the activity between 5-14 while culture 
media such as beef extract and polypeptides were 
found to reduce the bactericidal activity. The amount 
of the released biocide was found to be io the range of 
1.2-1j6 /ig/ml. 

Tbc cross-linked polyacrylamtde films containing 
covatenlly-honded Wguanide hiocide (24) exhibited 
bactericidal activity at their surfaces and successfully 
acted as SSM [76,77] This cross-linked film was 
found to be hydrulyzcd at the aery late group in contact 
with water to release the biguanidc biocide C?i), and 
when the degree of cross-linking was high, the release 
was appro aimatdy zero-order at least over a period of 
one week. The rote of release (hen decreased gradu- 
ally, but the release was observed to continue for up to 
a month. Furthermore, the dose of the biocide 
rclcatcd conki be controlled by the amount of 24 bl 
the preparation stage of the cross-linked film. When 
lot cross-linked fihm were placed on nutrient agar 



Dimes, inoculated with cell suspensions of S. aureus 
and £. coti and incubated, no colonics of dm bacteria 
were seen on the plates, whereas bacterial growth was 
observed as thick colonic* on the blank (thus. Pur- 
tbermure, the growth inhibitory zone was observed 
for ttw cross-linked films, which icdicales thai the 
diffusion or the free biocide (23) occurs over a 
relatively long distance [77]. Scanning electron 
jricroscopy studies revealed that the inoculated celts 
of £1 coti and X aureus underwent morphological 
changes such as shrinkage and defumiation. which is 
ascribed to the collapse of the bacterial ecus due to 
the bactericidal action of 2 J. This SSM film could be 
regenerated by washing with atcnhnl and it showed the 
same surface activity. This rype of SSM would be par- 
ticularly valid trj such applications as wound covert 
and artificial skin for temporary uses. 

Another polymeric film with high physical strength 
was reportedly bactericidal. This is a blend of 
polyetbyleoe and a copolymer erf ethylene and acrylic 
acid which contains benialkooium biocide as counter 
cations [78]. This polymer film was shown to be 
bactericidal at the surfaces due lo the release of the 
bcnulkonium Kilts in contact with water. 

This chapter is dedicated to the tale professor Sui- 
te© T&uke who gave the author out landing sugges- 
tions, but unfortunately died un July U, 1989. 
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Several oethods of chemically modifying the surface of low density 
polyethylene (LOPE) were examined. A chromic add oxidation similar to 
a published description was used to form a highly carboxylic acid 
surface. ThU surface was then either reacted with polyenes to form 
amido-aroine structures or reduced to an alcohol with dlborane. 

The amido-amine structure was considered for a potential alkylation 
to synthesize a quaternary anroonium group on the surface. The resulting 
ammonium bearing surface should have an important application for 
antibacterial activity. This last step has not yet been carried out 
successfully, it is believed that sterlc effect emerging from the solid 
state nature of the substrate could inhibit the reaction. 

The hydroxylated surface was used as a substrate to graft' 
polymerize •cryla.lde using Cm* as an initiator. This Initiator is 
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1 INTRODUCTION 



Surface structure and composition play a major role ,„ definin9 
many of the physical properties and ultimate uses of solid organic 
polymers. In engineering and biomedical applications, features such as 
wetting, weathering, adhesion, friction, electrostatic charging, 
permeation, bioconpatiblltty. and bacterial fouling are largely 
dependent on surface properties. 

Surface properties determine the value in use of many solid 
materials, such properties are as critical as bulk paraneters such as 
strength, elongation, Young', modulus, etc. Furthermore, full 
utilization of bulk property is often supported by surface 
characteristics which are mainly dependent on surface energetics (e.g. 
surface tension). This is particularly the case of fibers. films, 
membranes or other cases where the surface area/volume ratio is large. 

In this research we performed a series of modifications on the 
surface of LOPE (low density polyethylene). LDP£ 1s the most widely 
used polymeric material because of its good mechanical properties, 
chemical Inertness, low cost, and ready availability. However, its 
hydrophobic^ represents a disadvantage in a variety of applications. 

From a technical standpoint it is still difficult to obtain 
polymers with surfaces having well defined functionality. Polymer 



1 
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nolecules In the vicinity of the Surface or interface show different 
tnennodynamic behavior than the molecules in the bulk due to the 
different Interfacfal environment (1). Surface thermodynamics requires 
that, where possible, rearrangements of molecules in the surface occurs 
such that the surface which Is presented to air has the mini™ free 
energy (Z). Therefore. It Is difficult to conduct and test hypotheses 
relating the molecular structure of a polymer surface to Its macroscopic 
surface properties. Consequently, a variety of methods have been 
developed for functional iztng polymer surfaces to give materials whose 
structure Is well understood at the molecular level. The stability of 
such high free energy surfaces on bulk phases with the lower surface 
tensions is sometimes low. 

D. Dvight (3) has reviewed the techniques for surface modification 
of polymers. Among the methods available, the «et chemical treatment, 
based on chromic acid oxidation, has been pointed out to have the 
advantage of changing both the chemical and the physical nature of the 
polymer surface (Figure 1). 

J. R. Rasmussen et al. (4,5) have considerably improved the chromic 
acid oxidation method by optimizing the experimental parameters In order 
to get a maximum density of carboxylic groups on the surface. In this 
study, Rasmussen's methodology has been used to polarize our LOPE 
film. The carboxylic groups generated were then covalently coupled with 
a series of polyamlnes using dicyclohexylcarbodiimide (OCCJ as a 
dehydrating agent (Figure 2). The coupling led to an amido-amine group 
covalently attached to the surface. The products were well 
characterized by FT-IR/ATR and XPS. 
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Figure 1. Chronic acid oxidation scheme and 
Junctional group distribution. 
Source: Ref. 4 
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Hgure 2. Coupling reaction of a carboxylic 
add and a diamine. * 
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A long term objective of tt|$ researc , ^ tQ & 
procedure to covalently attach a ^ternary a^onlu* salt and other 
hydrophillc groups on the surface for antibacterial activity and 
improvement of cell adhesion, respectively. 

Quaternary ammonium salts are well known for their antibacterial 
activity (6,7). 

In this study different approaches to quaterMze the LOPE surface 
were used. First, the direct alkyUtion of the terminal anlno group was 
attested (Figure 2). The reactivity of the amine seems drastically 
reduced by the two-dimensional aspect of the surface which has sterlc 
limitations as well as interface forces. The Second approach « s the 
direct grafting of a quaternary ammonium- bearing vinyl monomer by using 
plasma-induced graft polymerization. The FT-IR/ATR and XPS analyses 
showed that the second approach was a better alternative. 

On the other hand, aery 1 amide was grafted onto LOPE surface. The 
grafting was carried out by first reducing the carboxyl groups on the 
oxidized LOPE to alcohols, then using eerie ammonium nitrate as a redox 
Initiator system, induced graft polymerization of acrylamlde. Such 
hydrophilic surface should have a variety of biological consequences 
such as cell adhesion, bacterial toxicity or modified thronbogeniclty. 
Such biological testing has. in general, not been attempted here and 
awaits further research. 
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1 BACKGROUND 



ZA Importance Inter-facial Phenomena on Solid Surfaces 
The surface energy and interfadal parameters and their later- 
relationships with b1ocompat1bH1ty and also bacterial adhesion to 
synthetic polymers have been of high Interest In recent years (8). 
However, because of the complexity and Interdependent of the many 
parameters Involved, no Individual theory provides a satisfactory 
explanation of the biological tolerance of the solid polymers currently 
tn use (9). 

Chemical inertness was formerly the primary restriction which 
guided the development of bloraateriats. However, once exposed to the 
physiological redium, the Interfadal properties of even chemically 
inert surfaces nay be modified by Interaction with various 
microorganisms which modify the surface by chemical changes, deposition 
of protein molecules or attachment of living or dead cells. 

Substantial evidence suggests that surface characteristics such as 
polarity or chemical functional groups available for reaction, largely 
Influence Interfadal phenomena in biological systems <10-W). 

R. E, Baier et al. have reviewed the surface chemistry and physics 
of biological adhesion (15). fc. c. Marshall ec al . have presented 
arguments and evidence which emphasize the possible Importance of 
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electrical charge and dlpole interactions in attracting bacteria to 
surfaces (16,17). It Is also strongly believed that most bacteria show 
a preference to attach on hydrophobic surfaces (12), 

Although the mechanisms of the biological interfacial phenomena are 
still poorly understood and often controversial because of the 
complexity of biological systems, surface properties of the solid 
polymer are emphasized as key parameters (12), 

2.2 Surface Modification Techniques 
The surface modification of polymer films is an area of 
considerable technological and industrial importance. Although man/ 
polymer materials could be up-graded if a satisfactory modification 
technique were available, relatively minor efforts have been devoted to 
this field 1n comparison with the tremendous research activities 
directed to the development of new polymers. One reason for this was 
the ambiguity of methods for studying surface structure and surface 
properties. However, in recent years, a considerable progress has been 
made m the investigation of surface treatments of polymers. This was 
made possible by a dramatic Increase In the sophistication of the 
spectroscopic methods for surface analysis particularly XPS and FT-IR. 

In the particular case of polyolefins, a variety of chemical 
treatments have been described to change the characteristics of polyaer 
surfaces (3). Such treatments fall into two general categories 
depending whether a wet chemical process is involved or whether the 
interaction occurs at the gas-sol Id interface as would be the case in a 
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flame, electrical discharge treatment, t-irradlatlon or glow discharge 
treatments, all of which appear to result In an enhanced degree of 
surface oxidation. 

In this study several methods for surface modification of LOPE were 
considered. 



2*2.1 Chemical Oxidation 

The chemical edification of the LOPE surface has been particularly 
the subject of extensile research (4,5,18,19). Most procedures involve 
reactive species capable of diffusing some distance into the bulk of 
LOPE, and, as a consequence, introduce functional groups both onto the 
surface and into the bulk polymer. Met chemical treatment provides a 
convenient means of functional 1 zing polymer films. 

B. Gatoire et al . have studied the surface oxidation of 

polyethylene by exposure to KCluyH 2 S0 4 (18). The main Interest of this 

study was the use of ESR (electron spin resonance) spectroscopy and 
45 2+ 

Ca trace adsorption techniques to study the oxidized surface. 
Hn 2+ which bonds specifically to the carbonyls generated on the surface, 
was used as an ESR probe. Quantitative information regarding the 
density of polar sites on the surface was obtained from the intensity of 
the ESR signal. Also, Information concerning the macromolecular 
structure at the polymer interface were obtained. Spin-spin interaction 
Detween Hn 2+ neighbors and a high density of hydrogen bonds produced 
weaker and wider ESR signals. 
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0. C. Erlckssort et al. have oxidized the surface of polyethylene by 
using three different types of oxidizing agents: KMn0 4 , KC10 3 , and 
K 2 Cr 2 Q 7 . each dissolved in H 2 S0 4 (19). Although all , three Oxidizing 
agents lead to highly hydrophllic surfaces, their XPS Investigation 
showed some major differences regarding the extent of oxidation ana also 
the nature of the polar groups generated on the surface. The Ols/Cls 
intensity ratios obtained from XPS show that KH„0 4 /H 2 SU 4 is a more 
powerful oxidant than KC10 3 /H 2 SQ 4 which, in turn, 1s somewhat ©ore 
powerful than K 2 Cr 2 0 7 /H 2 S0 v Then using chemical tagging and XPS t the 
nature of the particular polar groups was determined for each oxidizing 
agent. It was found that KM n 0yH 2 SU 4 generated a high content of 
unstable hydroperoxide groups, tto evidence for these groups was found 
for the other oxidizing agents. With KC103/H 2 S0 4 some hydrocarbon 
chlorination was detected by XPS. Comparison of the carbon u peaks 
obtained with each oxidant showed that K 2 Cr 2 O 7 /H 2 S0 4 treatnient generated 
the higher content of J£_^ _£_ H and _J_ QH groups. 

Earlier, in 1977, J. R. Rasmussen et al. {4,6) developed similar 
but more laborious methodology of oxidation of LOPE based also on 
chromic acid oxidation. Of the chromic acid solutions tested, 
CruyK 2 0/H 2 SQ 4 \n the ratio 3:4:3 by weight produced a functional ized 
LDPE film with the fewest non carbonyl IR/ATR absorptions. Also, a 
reaction temperature of 7Z°C and a reaction t\ms of 5 minutes were found 
to cause the least damage to the bulk polymer and to generate the 
highest carboxylic acid groups on the surface. En this work, useful 
procedures for attaching derivatives covalently to the carboxyl groups 
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were developed as well as optical characterization methods. For 
instance, fluorescence spectroscopy was shown to be a useful analytical 
tool to estimate, with high accuracy, the numbers of functional groups 
of appropriate derivatives attached to the nationalized LOPE surface. 
In our study, we mainly adopted Rasmussen' s methodology to generate 
carboxylic groups on the LOPE surface. However, we used • different 
subsequent chemical reactions and also characterized our products with 
analytical techniques such as XPS and FT-IR/ATR. 

2.2.2 Ami do- Amine Modified LOPE 

Carboxylic groups generated on the LOPE surface represent versatile 
organic functional groups for subsequent derivatizatlon, A classical 
method of forming an amide from a carboxyl group is through the acid 
chloride derivative (Figure 3). Although this method gives good yields, 
it has the disadvantage of hydrocarbon chlorinatlon as pointed out by R. 
G. Nuzzo and S. Sural in sty (20). Apparently some S0C1 2 and S0 2 (by- 
product) diffuse into the bulk where they remain strongly Incorporated 
even after a soxhlet extraction with 2-propanol. A nitrogen purge of 
the reaction medium did not help to remove the SOg by-product. 

In our study, Instead we used OCC as a dehydrating agent to couple 
the carbolic group to several polyamines (Figure 2), The reaction of 
carboxylic acid with carbodHraldes 1s known as a very important 
precursor for the synthesis of peptides (21). Today, DCC is still the 
most used reagent in that field (22} , The yields are as good as the acid 
chloride method but offers the advantages of easier handling and no side 
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— C-OH 



socu 



DHF 



0 

-C-Cl 



-C-NH-R + S0 2 + HC1 



Figure 3, Scheme of the amide formation through 
the acyl chloride derivative. 
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reactions. We were able to graft several polyaorfnes on the oxidized 
LOPE and the results were reproducible. 

2.2.3 Cation-Bearing Polvners 

2.2.3.1 Importance of cation-bearing polymers 

The tremendous utility of polyeiectrolyte polymers has led to a 
vigorous field of industrial research over the last 25 years. Some of 
the most versatile and useful types of polyelectrolytes are the 
catlonlcs or quaternary annoniura bearing polymers. 0. B. Butler and M, 
F. Hoover reviewed extensively the Ion-containing polymers (23). They 
emphasized their utility in solving solid/liquid separation problems 
related to water pollution and also their extensive use fn paper 
manufacturing, textile finishing, oil production, plastics, coatings, 
biomedical applications, etc. 

While significant work has appeared on water soluble 
polyelectrolytes, papers and technical Information on the solid organic 
polymers as carriers of ammonium groups are scarce. 

2.2.3.2 Examples of quateroized surfaces 

A. J. Isqult et al. (6) reported on the sllanol covalent banding of 
quaternary araraoniura salts to a variety of activated surfaces (Figure 
4). The surfaces treated are usually hlgly polarized such as glass, 
synthetic, and natural fibers. An outgrowth of this wort led to 
comtuerdalization of a surface treatment method called "Bioguard" by Dow 
Corning Corporation. 
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(CH 3 -0) -S1-R — (H0) 3 -5iR 



R - -(CH«) -H -CH 



Figure 4. Quartern Izatf on scneme of an 
activated surface. 
Source: R«f, 6 



•CH 2 -CH-CH 2 -CK-CH 2 -CH- 

6 6 6 

N N J 

-CH-CH 2 - 



R'l 

lOOOc. 12 hrs. 




R ' M C S- C 18 81 W 



Figure 5, Quaternizatlon scheme of 4-vinyl pyrldlne- 
d1 vinyl benzene copolymers In solution. 
Source: Ref. 7 
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Investigation by Y. Nakagawa et at. (7) ort Insolublllzation of 
quaternary ammonium salts on cation exchange resin was based on 
alxylatlon of 4-vinylpyridlne-dl vinylbenzene copolymers (Figure 5). The 
quaternizatlon was carried out under severe conditions (100°C, reflux 
for 12 hours with alKyl Iodides). In another publication (24), Y. 
Nakagawa reported on quaternlzatlon of porous glass. The nature of the 
surfaces synthesized were stnilar to Isqulfs (6), however, the 
synthetic route was different (Figure 6). It can be seen from Figure 6 
that the reaction conditions used were extremely severe. 
2.2.3.3 Quaternizatlon of LOPE 

The particularly severe reactions conditions used 1n the above 
examples of quarternlzed surfaces are not suitable for the LOPE used 1n 
this study. Also, even after chromic add oxidation, LOPE contains much 
fewer active sites than glass for Instance. Thus, none of the above 
procedures can be. applied to our substrate. In addition, no literature 
is available concerning the quaternlzatlon of solid state LDPE. 
Therefore, we examined other methods with milder reaction conditions, 

The first method, as already mentioned, consisted of al kylatlng the 
terminal amine group on derivatized LDPE (Figure 2). Although no such 
reaction is reported in the literature we believe that 1t could be an 
interesting route provided that optimal reactton conditions be found. 
In solution quaternizatlon of amines Is easily carried out. 

The second method consisted on plasma- Induced graft polymerization 
of an ammonium-bearing vinyl monomer that we synthesized. The 
conventional plasma approach of surface modification of solid polymers 
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Is to simply expose the surface to a gas phase monomer under plasma 
excitation. However, this method suffers some serious disadvantages 
such as the complexity of the mechanisms Involved and also the wide 
variety of reactive species formed (25). Conventional plasma grafting 
Is non specific in nature because the stolchlometry and functional group 
distribution In polymerized raaterials are not related In a simple manner 
to those of the monomer {26), 

On the other hand, there Is a new approach described to use plasma 
for Initiation of polymerization of liquid monomers (26) and also 
inducing graft polymerization on solid surfaces (27). 

Y. Osada and Y. [fiyaraa (27) reported on the plasma-initiated graft 
polymerization of water soluble vinyl monomers onto hydrophobic fi Ins 
such as LDPE, PP, and PET. The polymers obtained are non cross linked 
and have extremely high molecular weights. Monomers such as acrylic 
acid, acryl amide and hydroxyethyl methacrylate have been effectively 
graft polymerized. However, the quaternlzed form of dimethyl amino 
ethyl methacrylate (q-DMAEMA) has not been described and hence was 
examined here, using a similar procedure. 

While the results of Y. Osada et al. (26) seemed to indicate that 
plasma was suitable for graft polymerization, questions regarding the 
kinetics and the mechanisms involved remain controversial since some 
aspects of a conventional radical polymerization are often not obeyed 
(27). 

D. R. Johnson et al . studied the mechanism and kinetics of plasma- 
initiated polymerization of methyl methacrylate (28). The experimental 
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set up was as follows: The liquid monomer was degassed, sealed in a 
thin-walled ampule and then frozen in liquid nitrogen. The ampule was 
then Inserted between a pair of parallel -pi ate electrodes connected to 
aft r.f. (radio frequency) plasma generator. The ampule was permitted to 
warm up until droplets of liquid monomer appeared. A glow discharge was 
then Initiated In the vapor phase above the partially frozen monomer. 
The results of this study provided evidence that plasma-Initiated 
polymerization of methyl methacrylate proceeds by chain propagation via 
a free-radical mechanism. 

On the other hand, Y. Osada et al . raised several questions when 
only the radical mechanism Is considered. First, It was noticed that 
plasma-iniated polymerization was selective towards the monomer 
species. Alkyl acrylates, styrene, acrylonltri le, N-vinyl pyrolidone 
and other vinyl monomers are not susceptible to polymerization. Second, 
polymerization proceeds for a long period of time (up to 7 days to 
obtain an 80% conversion). Third, there is evidence that the 
polymerization process Is strongly affected by solvents. The ratio of 
the rates of polymerization 1n water and DKF was as large as 4000. 
However, it is known that the rate of radical polymerization is not 
significantly influenced by solvents in principle. Y. Osada et al. (29) 
who made the above observations did not draw a final conclusion 
concerning the polymerization mechanism but did envision a mechanism for 
the initiation process (Figure 7) in terms of the interaction between 
active species diffused from the gaseous plasrea and liquid monomers. 
The possibility of solvation of ionic species was also proposed. In 
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6iSPh " 9 V — H 9 V«> (I) 

Gas-Ifquld interphase K g * > [2J 

Solvation of reactive species fi,* + s > f^*) ( 3 ) 

Inlt1ation (h/) 5 + Hi _ » (Hl \ (4J 

or (K^t^—*^ (5) 

or M x * ♦ M 2 _» Mg* (7) 



Figure 7. Mechanism scheme for formation of active species In 
the Initiation step of plasma- induced pal yraerizatlon. 
Source: Ref. 29 
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"gure ?. H* g represents the species formed as a result of the direct 
interaction of the monomer vapor with energetic electrons U the gas 
phase. Some of then can then diffuse into the liquid phase and become 
*1 w £ M i) s aft er solvation, which can then Induce po Innervation. As 
already mentioned, the reactivity of the reactive species (mJ) s is 
strongly influenced by solvent. Thus, polymerization is closely 
associated with the activity of the soWated species. 

Thus far, the only mechanisms reported 1n the literature involve 
plasma- induced polymerization of liquid monomers. No mechanism, to our 
knowledge, concerning the plasma- induced graft polymerization of liquid 
monomers to activated solid substrates is reported. 

2 . 4 Graft Polymerization of Acryl amide onto LOPE by Ce 4 + Initiation 
It is Known that in the presence of organic reducing agents such as 
alcohols, Ce 4+ Is an effective redox system producing Ce^ + and transient 
free radical species. If a vinyl raonouier Is present, the free radical 
Initiates polymerization (30). 

S. 6. Vltta et al. (31) reported on the grafting of acrylic acid 
and methacryllc acid onto solid state cellulose via eerie ion 
Initiation, [t has been found that 1n relatively short times (2-5 
hours) grafting up to 200X was obtained. 

In this study, 1t has been possible to graft polymerize acrylamlde 
onto LDPE by using the Ce 4+ Initiation. Our rational was based on the 
generation of hydroxy 1 groups on the LDP£ surface. This was possible by 
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reducing with diborarie the cartway Is present on the oxidized LOPE 
surface. m and FT-IR/ATR data proved that a substantial grafting was 
Obtained. 
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3 MATERIALS AND METHODS 
3.1 Materials 

Polyene f11 „ used. In tMs «»*. w , s a ,„ (tonsUy> 4 „„ 
co^rcla, ,r,de prepared r™ Northem Pe , rochemfcal 940 pas1n (Q m 
<*nsity. 0.25 Jndex) . The „,„ mi prepare<j ^ 

centra, States Diverslf ,ed. Inc ., Palau& (Flof1di) 
d.^ohe^carbodii^e. „ eth „ lo-lde< ^ ^ 
(recrystaUUed twice fro- chlcmf,*,. cerfc imtonim „ jtrate 
ethylene dia^ne were reagent g rade froa F1s , er £o ^ 

-1«nyl.» f no-Z-, 1 ».2^ tl0flprwe l4 _ B1s (5 ,. aniJno2 _ 

-thylpropyiiperazine) were provided by Angus Che.rfca, Company. Bis 
(a^opropy,, plperi2ine Kas prov1(le<1 by Texaco chemjcai co 

Dinethylanlno-ethy. aetnacryUte. distilled under vacuu- (13 „ Hg) ,t 
76-C. was frw Po,,,ctences. Dlborane (IK In W) and trifluoroacetic 
anhydide were reagent grades fron Aldrtcn. 

3.2 Methods 

3.2.1 Sample Preparation 

In order to remove any surface contamination, LOPE films p„ert to 
the appropriate s, 2e (usually „ ,.2, Jr ^ ^ 

thi„b,es and extracted 1„ a u, Met aDDarat(IS wUh ^ ^ 



ZD 
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hours. After extraction, the films were removed from the envelopes, and 
dried In vacuum (about 1CT 2 torr) at 50°C for 4 hours. Alternatively, 
the samples were sonicated in methylene chloride for 15 minutes and the 
results were similar. 

3.2.2 Oxidation 

The procedure employed was similar to that reported in the 
literature (4,5). Reactions performed on LDPE film were normally with 
2x5 cm 2 pieces. The oxidizing agent was a mixture of chromium trl oxide, 
water, and concentrated sulfuric acid In a 3:4:3 ratio by weight. As 
already mentioned, J. R. Rasmussen et al . optimized the reaction 
conditions for this oxidation (4,5). it was found that reaction time of 
5 minutes and a temperature of 72°C gave the best results regarding the 
extent of oxidation, the type of oxidation product and causing the 
m1n1irm1m damage to the bulk* Typically 50 ml of chromic add solution 
was used. Agitation was provided by manually swirling the beaker 
because magnetic stirring often resulted 1n abrasion of the film. After 
the reaction time* the sample is removed by Teflon coated forceps and 
put, for 15 minutes. In a 70* HHO3 solution at 50*C In order to remove 
any inorganic impurity on the surface. Then the sample Is thoroughly 
washed with del on i zed water at 5Q°C and finally rinsed with acetone and 
dried 1n vacuum (- 10"^ torr) for 4 hours. 

The extent of oxidation was determined by monitoring the reaction 
time and maintaining all other parameters constant. The extent of 
oxidation was characterized by contact angle measurements and XPS 
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analysis. PT-LR/ATR and XPS data show that the oxidized surfaces 
0 0 0 

contain predominantly _c-QH -C- and -C-H 9 rt3U P s * (Characterisation 
details are in Section 4.1.1.) 



3.2.3 Ami do-Ami ne Modified LOPE 

Further modification of the oxidized LOPE surface 1s possible by 

coupling the carboxyl group with an amine. Several synthetic nethods 

exist. The most classical route consists of converting the carboxyl 

group to the corresponding acyl chloride by treatment with thlonyl 

chloride. As mentioned earlier, this reaction suffers from some side 

reactions. A second alternative was the use of DCC (dicydohexyl- 

0 

carbodiiraide) as a dehydrating agent to couple and -NH 2 

groups. Carbodiimides have been particularly valuable in the synthesis 
of peptides and of nucleotides (22,32) because of their ability of 
affecting acylatlons under mild conditions and ease of use. Other 
advantages will be discussed later. 

The DCC procedure consists of putting the oxidized UPE film -in 50 
ml of OMF (dimethyl -fortnamide), and then cooling in an Ice-bath to 
0°C. Then 200 nig of DCC predissolved in 10 cc OMF were added. After 15 
minutes, an excess of diamine is added. The reaction mixture is kept at 
0«C for 30 ninutes. then 1s allowed to proceed for 6-8 hours at room 
temperature (32). The film was then retooved, washed with acetone, 
extracted with Z-propanol for 2 hours and finally dried in vacuum for 2 
hours. The samples are characterized with XPS and FT-1R/ATR. 
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3 - 2 - 4 fraternizati on of tne Anldo-taine htodlf lorf mor 

The araldo-amlne group shown m Figure 2 should be suitable for 
subsequent quaternization with alclyl halidos. Our strategy was based on 
the princi pl es of aUylatlon of priory, secondary and tertiary amines 
1n solution' (33,34). Typically the aaldo-amlne modified LOPE film w 
put In 50 ml of QNF, then an aUyl halide (oethyl or ethyl iodide) was 
added in large excess but gradually over a period of a hour*. The 
reaction was carried out at room temperature, under atmosphere and In 
the dark because of the Instability of the alky] Iodides to light and 
oxygen. When the terminal amino group Is primary or secondary, a proton 
scavenger {usually dlisopropyl ethyl amine or trl-n -butyl amine) 1s 
added in order to avoid the protonatlon of the grafted anine group. 

This reaction Mas unsuccessful in all cases tried on solid 
surfaces, 

3-2.5 Pjborane Reduction of Oxidized LOPE 

In order to generate the alcohol functionality on the surface, the 
oxidized LDP£ film was covered, under H 2 atmosphere, with l.QM diborane 
in THF (tetrahydrofuran) and allowed to stand for 18 hours at room 
temperature (35). The film was then removed and washed sequentially 
with THF (twice), methanol, 4N sulfuric acid (50°C t twice), water 
(twice) and acetone. The FT-IR/ATR analysis shows the almost complete 
disappearance of the carbonyl peak (details are in Section 4.1.4). 
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3 ' 2 - 6 Privatization of the Surface Alcohol 

Samples of dtborane-reduced LDPE were Incubated with 3 ml of 
trlfluoroacetlc anhydride fn 50 ml of etheral solution and let to react 
for 6 hours (4,35). Then the film is washed thoroughly with ethyl 
ether, acetone, and then dried U vacuum. The FT-IR/ATR $p , ctrun shows 
a strong ester peak at 1784 (Figure 52). The ester is shifted to 
higher wavenumber because of the electron withdrawing effect of the 
fluorine. 

3,2,7 $™ ft Polymerization of Acry lamide onto LDPE by Ce 4 +, Initiation 

The alcohol-modified LDPE is put 1n 4a ml of distilled water which 
was degased for 20 minutes by N 2 purge. Then an appropriate amount of 
acrylamlde (0.5 mol/1) and 1 on (5x10^ m]n) wre added , Aftep 

purging with ^ f or another 10 minutes, the reaction Is carried out at 
room temperature overnight. Several extractions in a soxhlet with 
CH 3 0H, DXF and water were used in order to remove any residual monomer 
and physically adsorbed homopolymer. The products were characterized 
with FT-IR/ATR and XPS. 



3 ' 2 ' 8 f^sna-Induced Graft Polymeri zation of Vinyl Monomers onto LDPE 

The plasma-induced graft polymerization or copolymerizatlon were 
carried out by the direct exposure of the plasma treated film to a 
liquid monomer as described by 0. R. Johnson et al . (29). The r.f. 
(radio frequency) plasw reactor used was a bell-jar-ine model normally 
used for deposition or polynerization Of gazeous monomers. In our 
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experiment, we codified the apparatus so that liquid monomers could be 
Introduced, for graft polymerization onto the activated substrate, under 
vacuum. The details of the experimental plasma set up are shown In 
Figure 8. 

The film to be grafted was placed horizontally in a glass plate 
inside the r.f. plasma reactor. A glow plasma was then generated under 
the following operating parameters: time - 90 seconds, power = 25 
watts, vacuum - 100 not Hg, gas - argon. The aqueous solution of monoaer 
which had been previously degased was Injected into the reactor and on 
the plasma-treated film as shown in Figure 8. The monomer Is left to 
post-polymerize at room temperature for L2 hours. 

3.2.9 Characterization 
3.2.9.1 FT-IR/ATR 

Fourier-transform infra-red attentuated total reflectance 
spectrometry is one of the most frequently used tools for surface 
characerization of polymer materials (36) and has been the most popular 
means of gaining surface sensitivity for optical spectroscopic 
techniques (13), 

The advantages of ATR as a surface analytical method 1s Its ability 
to give much Information on a surface such as chemical composition and 
chemical structure orientation and conformation (37), crystal 1 ini ty 
(37,25). hydrogen bonding, etc. The capability of ATR spectroscopy for 
surface analysis is attributed to the penetrating nature of the light on 
total reflection from the Internal reflection element (IRE)/sample 
interface into the sample (36). 
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ATR has had a relatively long hfstory of use In the biomatertals 
field (2.38). The ATR technique has also been used 1n a number of 
instances to study surface modification of polymer films (4,5.38,10). 
An N1H sponsored center for FT-IR analysis of bloroterials exists at 
Battel 1e Laboratories (Columbus, Ohio). 

However, one of the major requirement for ATR is that a "good" 
contact between the IRE and sample must be attained. A bad contact 
between the sample and the IRE results in noisy and distorted spectra 
with non horizontal baselines. 

In this study, FT-IR/ ATR spectra were collected with a Nlcolet 60 
SX spectrometer equipped with an MCT detector. The ATR stage was a 
W-fUs model 50, which H capable of collecting spectra at 30* , 46° and 
6<T angle of Incidence (with respect to surface normal). The two 
samples (1x5 cm 2 ) were pressed against a KRS-5 crystal which was face 
cut at 45" for analysis. in order to maintain the same quality of 
contact, the samples were clamped against the IRE with a torque wrench 
at 5 In. lbs. Typically 500 spectra were averaged for the ATR 
experiments. All spectra were referenced to the base KRS-5 crystal, at 
the same angle. All spectral manipulations were done with standard 
Nicolet software. 
3.2.9.2 XPS 

X-ray photoelectron spectroscopy (XPS), also known as electron 
spectroscopy for chemical analysis (ESCA), has already shown Itself to 
be a valuable technique for studying the structure of polyraers 
(39,40). This technique is a relatively new analytical tool which 
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Prides high «„fornation content .„ epical nocture and bonding. 0 f 
.11 the presently Pliable Inst™™**, tech n , qu ,« for surface 
".aysis. IPS is 9e nera„y regarded as be1 „ 9 ^ ^ ^ 
quantitative, the „ost readily intertable, and the „ost informative 
with reo.rd to chcn,1cal information For those reasons, XPS ha, 

found a l arse application for the analysis of blopolyaers («,. „IK 
center for XPS analysis of Materials exists at the University of 
Washington at Seattle, Washington.. 

The basic principle of XPS Is the photoelectric effect. Figure 9 
represents schematically the Interaction of a photon with an atcic 
orbital electron, 

Given that the photon energy 1 S greater than the binding energy gf 
the electron 1n the etc*, the electron is then ejected from the ate* 
with a kinetic energy approximately equal to the difference between the 
Photon energy and the binding energy. The basic equation for XPS 1s; 
h - *v - 

where E 0 is the electron binding energy. E)t is the electron kinetic 
energy aeasured by the instrument, and h v is the photon energy <h is 
Planck's constant and v is the x-ray frequency). All energies are 
expressed in electron volts (ev). Knowing the binding energy, one can 
Identify the atom. 

The basic advantages and disadvantages of XPS are listed as 
follows; 
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ejected 



Figure 9. Schematic view of the interaction of an x-rav 
photon with an atomic orbital. 
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Advantages: 

Nondestructive 

Surface sensitive {10-200 A) 
Elemental sensitivity (parts per 1000) 
All elements (except H and He) 
Quantitative 

Chemical bonding information 
Interpretation and theory straightforward 
High information content 
Disadvantages: . 

Large analysis area (several ran 2 ) 

Expensive ($200 .000-5500 .000/1 nstrunent, $50-$50O/sample) 

Hfgh vacuum (I0" a to 10" 11 torr) 

Slow (1/2 to 8 hours/sample) 

Charging and energy referencing can be a problem 

Low resolution (~ 0.1-1.0 eV) 

In our study, samples (lxl cm 2 ) of polymer films were recorded 

using a Kratos XSAM-800 (Kratos, Manchester, England) XPS spectrometer 

employing an Mg K radiation and with a base pressure of about 
8 l » 2 

5x10 ° torr and typical x-ray operating parameters of 12 kV and 17 rA. 
Data were stored and anlayzed on a OS 800 data systeiu The least- 
squares curve fitting program used for spectrum analysis could handle 
6aussian, LorentzUn, and Intermediate peaks. Oue to the insulating 
nature of the samples the surface becoaies positively charged when 
irradiated with x-rays. This charging effect leads to a decrease In 
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resolution and In a shift of the peaks toward higher binding energy 
(421. in order to luprove the resolution, the spectra were recorded 
with the aid of bo electron flood gun which provides low energy 
electrons for neutralization of the charging of the samples. The 
binding energy scale has been set by assigning a binding energy of 28S.0 
eV to the neutral carbon peak (-CH 2 -). 

3.2.9.3 _SEW 

Surface morphological data were obtained by scanning electron 
microscopy. Because of the Insulating nature of the samples, all 
surfaces were coated with a Hummer V sputter coater (Technics, 
Alexandria, Virginia). 

After preparation, each saapte was examined using a JEOL JSM-35C 
SEM (JEOL, Boston, Massachusetts). Accelerating voltage was typically 5 
kV. Varied raagnifi cat ions were employed to best reveal surface 
morphological differences. 

3.2.9.4 Contact angle 

Information on the outermost few monolayers of solid surfaces Is 
very difficult to obtain. One of the most sensitive methods known for 
obtaining true surface Information is solid/liquid vapor at 
solid/liquid/liquid contact angle. 

Captive air bubble contact angles were measured In order to 
estimate the extent of polarization of the oxidized IDPE. The contact 
angles were measured on a Rama-Hart contact angle goniometer (Kountatn 
Laxes, New Jersey) . 
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The LDPE films were held to the underside of a nlcroscope glass 
slide with rubber bands and the slide was put across an acrylic 
Immersion chamber (3x2x2-l#) filled with doubly distilled water. The 
films were held submerged horizontally within the distilled water. 

The LDPE films were equilibrated for approximately 6 hours before 
measurement to ensure complete surface hydration. A nrtcrosyrlnge 
containing air was used to form air bubbles underneath the hydrated 
surfaces. Angles on both sides of the bubble were measured assuring 
synetry. Typically 6 measurements were wade. 
3.2.9.5 Dye test 

In this test, the oxidized and non oxidized films were put into 
contact with an aqueous solution (0.1*) of an alkaline dye, Rhodamine B, 
for several hours. The films were then removed and washed with water 
and ethanol. The homogeneity and intensity of color give qualitative 
information on the presence of carboxylic acid groups on the polymer 
surface (43). 
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4 RESULTS AND DISCUSSION 

4.1 Chronic Add Oxidation 

The chemical modi M cation of polymer surfaces has an extensive 
literature (44,45). The methods employed for a wide range of materials 
show often a high degree of commonal i ty . 

Considerable attention has been devoted to the use of chemical 
oxidation for surface modification of LOPE (46,42). Depending on the 
oxidizing agent used, and on conditions, the use of any chemical nethod 
results tn high polarization of the surface. 

Chromic add oxidation is one of the most used methods. It has the 
following advantages: First, functionallzatlon 1s restricted to the 
surface because of the hydrophobic nature of the substrate and the polar 
nature of the reagents and solvent which do not swell polyethylene. 
Therefore, the bulk properties of the polymer are not affected. Second, 
1t Is very convenient regarding the reaction conditions and relative 
ease of handling of chemicals. Third, it affords a relatively high 
density of carboxyl groups often higher than 2xl0 15 groups/cm 2 as 
determined by J, R. Rasmussen et al. using fluorescence spectroscopy 
(4,5). However, the method suffers from several disadvantages. First, 
any impurity may segregate at the surface, thus effecting 
reproducibility. Therefore, particular care must be taken during 
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sanpla preparation so that any surface contaminants «,,t be removed. 
The second serious deficiency Is that LOPE 1, structurally 
heterogeneous. LDPE Is a mosaic of crystalline and amorphous regions 
having different structures and different relative reactivities (47). 
Chromic acid attacks preferentially the less ordered amorphous 
regions. However, ft is expected that the crystalline regions show also 
sane reactivity, particularly at the fold surface of the lamellar 
structure. Also, if any heterogeneity due to difference In reactivity. 
It might be minimized by the three-dimensional distribution of the 
carbonyl groups (Figure 10). Then this would lead to a totally oxidized 
surface. J. R. Rastmissen et al. estimated the functional group density 
as 2xl0 15 groups/cm 2 (4). Also, if one considers that the maximum 
packing density of oriented fatty acid in a monolayer is 5xL0 14 
group/cm 2 , 1t might be deduced a four times increase 1n area as a result 
of surface roughness of the film (Figure 10) • 

4.1.1 Mechanise 

Usually the oxidation of hydrocarbons follows quite complex 
pathways (48), The mechanism of oxidation of alkanes rtas been reported 
by K. B. Hlberg and R, Elsenthal (49). In a simplified overall 
mechanism (Figure 11), the attack by Chromium VI proceeds through a 
Chromium IV ester Intermediate to give an alcohol which is then further 
oxidized to give carboxyl, ketone, and aldehyde functionalities 
subsequently to a chain cleavage. 



PACE 171/240 • RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 * DNIS:2734796 * CSID:925-226-4995 * DURATION <mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 172 of 240 




PACE 172/240 » RCVD AT 6/1 7/2005 5:38:01 PM [Eastern Daylight Time] » SVR:USPTO-EFXRF-1/25 • DNIS:2734796 * CSID:925-226-4995 * DURATION <mm-ss):82-1 2 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 173 of 240 



36 



R 
t 

-CH 2 -C-CH 2 - 



4 

i 

Cr IV 
(OH), 



' I 2 



fast 



0 0 U 



figure 11. Chromic add oxidation scheme 
for aUanes. 
Source: Kef. 5 
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The differences in the rates and products of chromic add attack on 
hydrocaroons Is rationalized fn the terms of relative oxidative 
resistance of priory, secondary and tertiary -C-H bonds and the 
accessibility of chain segments to the oxidizing agents. The relative 
rates of -C-H, - C H r , and -CH 3 croups towards chromic acid oxidation In 
solution have been shown to be 7000:110:1, respectively (49). 
Therefore, the extent of oxidation and the homogeneity of the oxidized 
surface depend mainly on the number and the distribution of branches on 
the surfaces. 



4.1.2 FT-IR/ATR 

Figure 12 sho*s the FT-IR/ATR spectrum obtrained from the non 
oxidized LDPE film. All the features shown on the spectrin relate to 
the obsorptlon bands of the pure hydrocarbon. Table 1 shows the 
assignment of the major peaks. 

The 1375 cm -1 band absorption Is a good indication of the number of 
branches on the surface of LOPE. p. Blais et al. using the ATR 
technique have calculated the branch concentration an UPE (60). The 
model compound 2-ethyl pentane was used to experimentally determine the 
extinction coefficient of -CH 3 absorption. The calculated branch 
concentration was 50±2 per 1000 -CH 2 - groups. The area of the -CH 3 
absorption (1375 cm" 1 ) and the -CH band absorption (1460 on" 1 ) obtained 
by P. 81a1s et al.. compares very closely to the ratio obtained with our 
substrate. Therefore, we assume that the branch concentration of our 
LOPE is also about 50 per 1000 -CH 2 - groups. 



PACE 174/240 • RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] » SVR:USPTO-EFXRF-1/25 » DNIS:2734796 * CSID:025-226-4995 * DURATION (mm-ss}:82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 175 of 240 



38 



o 

u • 

<E 
CQ 

cn * 

GO ' 



o 



^000 3100 2200 1300 
WRVENUKBERS 

Figure 12. FT-IR/ATR spectrum for LOPE. 
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Table 1 

Main FT-1R/ATR absorbtlon bands for LOPE. 
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Figure 14. FT-IR/ATR carbonyl spectrum for oxIdUed LDPE. 
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Figure 13 shows a typical spectrum of oxidized LOPE. The main 
feature Is the appearance of a new absorption band centered at 1712 
cm" 1 . This band corresponds to the carbonyl groups generated upon 
oxidation. Expansion of the carbonyl peak (Figure 14) and Its computer 
devolution {Figure 15) shows two well separated peaXs which are 
assigned to carboxyllc groups at 1712 cm'* and to aldehyde and ketone 
groups at 1725 orT 1 . These assignments were based on the derlvatlzatlon 
carried out on surface aldehyde, ketone, and carboxyl groups done by j. 
R. Rasmussen (4). The ratio of the areas of the two carbonyl peaks 
gives: 

0 a 0 

~ 8 <* -C-OH 4nd " 20% -C- + -C-H 



4.1.3 XPS 



XPS analysis of the non oxidized LDPE (Figure 16) shows only a 
single major hydrocarbon peak centered at 285.0 ev. This spectrum shows 
a small oxygen signal <<U). This small amount of surface oxidation 
could result from a variety of sources such as oxidation during film 
processing and storage, adsorbed water, etc. In any case, the small 
amount of oxygen contained on the non oxidized LDPE can be largely 
ignored m the deconvolution of the carbon Is spectrum. The expansion 
of the Cls peak (Figure 17) shows an almost perfect symmetrical peak, 
charactertlc of a -CH 2 - type of carbon. 

Chromic acid treatment generates a significant amount of oxygen on 
the surface. Figure 18 shows the XPS data for oxidized LDPE at 72«C for 
5 minutes. The amount of oxygen incorporated can vary as a function of 



PACE 1 78/240 * RCVD AT 6/1 7/2005 5:38:01 PM [Eastern Daylight Time] « SVR:USPTO-EFXRfM/25 * DN1S:2734796 * CSID:925-226-*995 * DURATION (mm-ss):82-1 2 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 1 79 of 240 



42 




Figure 16. XPS spectrum for LDPE. 




Figure 17. XPS CIS spectrum for LOPE. 
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Taole 2 



XPS Results-Atomic ratios of oxIdUed LDPE 
as a function of oxldaclun tine. 
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ration time (Table 2). SmaU day-to-day variations i„ the amount of 
oxidation were also observed for Identical reaction palters 
Orally, these difference, were within * i» of , glven va , ue . . F1gure 
19 shows the carbon Xs signal of the oxldlied IDPE where an as^etry 
can be noticed on the left of the peak. This extra structure 1, 
attributed to the oxygen functionality which shifts carbons to higher 
binding energies. 

Based on the FT-IR/ATR data tho asymmetry of the Cls peak can be 
due to a convolution of at least three distinct carbon or oxygen-bonded 
carbon species (51). Figure 20 shows a simple devolution of the high 
bending energy shoulder of the Cls peak. Three peaks emerge from the 
devolution which can be ascribed to -ch,- (pure hydrocarbon) at . 
285.0 ev. CO (e.g. aldehyde, ketone) at » 287.6 ev and ' at 
« 288.7 ev. The relative areas of the different XPS CIS peaks (Figure 
20) correlate quite well with the relative areas of the carbonyls 
determined by FT-IR/ATR (Figure IS). However. XPS 1s much less 
sensitive to the chemical shifts than the FT-IR/ATR. 

4.1.4 Contact Angle 

The wetting behavior and the extent of the oxidation Is studied by 
contact angle measurements. Temperature was maintained constant at 72«C 
as determined by J. R. Hansen et al . (4) and time was varied frm 0 
to 30 minutes. Table 3 shows that the contact angle decreases sharply 
from 90° initially to 30° after only l mi nute of ruction tine and then 
levels off after 5 minutes. This observation Is consistent with the 
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Table 3 

Tima < n1n *> Contact Ang le 
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sampling depth of the technique which is sensitive only to the outermost 
one or two atonic layers (Z). Therefore, the oxidation of the surface 
reaches Us maximum at 5 minutes, which after continues deeper into the 
bulk. 

The observed changes in contact angle clearly suggests that the 
surface is highly hydrophUic and made polar by the chronic acid 
oxidation. 

Figure 21 represents a combination of the XPS and contact angle 
measurements. The Ols/Cls Intensity ratio 1s plotted as a function of 
oxidation time, with the contact angle of the air bubble. The Initially 
rapid increase in the Ols/Cls ratio starting to level off after about 5 
minutes of treatment, correlates well with corresponding decreases 1n 
contact angles. While LDPE continues to oxidize In depth with exposure 
time, the XPS data suggest that an equilibrium layer of oxidized polyner 
is being reached after 5 minutes of oxidation time. The equilibrium is 
established by a balance between the newly formed carbonyl groups and 
the ones leached into solution. 

The above ESCA and contact angle data correlate very wall with the 
results obtained by J, R. Rasnwssen et al . (4.5) using fluorescence 
spectroscopy. 



4,1.5 SEN 

in order to determine morphological differences bertween the non 
oxidized and oxidized LDPE films, samples were examined by scanning 
electron microscopy at two different magnifications. Figures 22 (a & b) 
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show the surface of r,c* oxidized LDPE film. The surface appears 
relatively snwoth and regular. Figures 23 (a 4 b) show a rough and 
pitted oxidized LDPE surface. This Is consistent with the loss from the 
amorphous areas of large fragments of tie molecules, or branches, which 
previously were covering arty surface Imperfections. Figure 24, 
representing a cross section of the LDPE HI* sitting parallel to the 
electron beam, shows that the bulk 1s not affected by the oxidation. 

4.1.6 Dye Test 

Oxidized and non oxidized LOPE films are put into an aqueous 
solution of Rhodamlne B for a few hours. The films are then removed and 
washed with water and ethanol. The test shows a rapid and intense 
coloration of the oxidized LDPE film while the non oxidized film shows 
no coloration. The test confirms the presence of carboxyllc groups on 
the surface (43). 



4.2 Amido-Anlne Modified LDPE Surface 
The carobxylic acid moieties can be converted In high yields into a 
variety of useful derivatives. One of the most successful routes for 
derivatlzatlon of the carboxylic groups 1s based on the use of 
dlcyclohexylcarbodtlmlde (DCC) as a dehydrating agent. The acid group 
are reacted with an amine and the amide ltnkage Is usually formed in 
good yields. 
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Etnylene diamine 
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Figure 26. Different polyanrines grafted onto 
oxidized LOPE, 
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4.2.1 Hechanism 

The reaction mechanism {Figure 25) was thoroughly investigated by 
OeTar et al. (52). The first step involves addition of the acid to the 
reagent to form a reactive Intermediate, the Q-acyl Isourea 1 . a 
frequently found by-product 1s the N-acylurea, structure 4 in Figure 
25, which can be produced by an 0 + N acyl migration (32). Because of 
Its stability, structure 4 is unreactfve towards amines and do not 
form amide bonds. However, formation of the N-acylurea could be easily 
overcome by operating at low temperature (0°C) in order to stabilize the 
reactive ester intermediate 1 . Also, the choice of solvent has an 
effect on the reaction path. An aprotic solvent, for instance, favors 
the dicwrlc structure of the carbolic acid groups, while the monomertc 
form 1s favored by a protlc solvent. In the raonoaierlc form, the 
carboxyllc acid 1s highly hydrogen-bonded with the solvent, therefore, 
the nucleophllldty of the acid Is highly decreased (22). The polarity 
of the solvent has also been pointed out to play a major role 1n the 
kinetics and the efficiency of the coupling reaction (53). 

In our investigation, we attempted the derlvatlzation of the 
carboxylic groups generated on the LDPE surface. we used PKF as an 
aprotic and polar solvent. A series of four amines (Figure 26) with 
different structures and different steric hindrance were used. The 
expected result is the covalent attachment of the amine through an amide 
linkage and maintaining a terminal unreacted amine group (Figure 27) for 
further reactions. 
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4.Z.2 FT-IR/ATR 

Absorbance spectra of all the ami do- amine modified LOPE surfaces 
are shown in Figures 28, 29, 30, 31, and 32. In particular, Figure 28 
compares the oxidized LDPE surface (spectrum (a)) and the ami do-ethyl ene 
amine modified LOPE surface (spectrum <b)). Expansion fo the carbonyl 
regions Is shown in Figure 29. Clearly, we notice a decrease 1n 
Intensity of the 1712 or* band (residue! _^ flH and unreacted 
and _J_ H ) in spectrum (a), while an a*1de type structure with 
characteristic bands at 1625 cm' 1 (amide carbonyl) and 1558 cm' 1 (amide 
-NH) in spectrum (b). 

Comparison of bond positions 1n Figure 28, 30, 31, and 32 indicate 
that the amide covalent bond Is formed in all cases. Examination of the 
absorbances of the carbonyl peak at 1712 cm" 1 (residual » rtu , non 
reacted ar>d _c-h * the ***** carbonyl at 1625 on" 1 provide 

some quantitative insight into the extent of the reactions 1n all four 
cases. Clearly, the amide carbonyl formed with ethylendl amine (Figure 
29b) is more intense than with the three other polyamlnes. Although 
secondary amines are stronger nucleophfles than primary amines, sterlc 
hindrance sees* to be a more Important factor in a heterogeneous system. 

4.2.3 XPS_ 

The XPS survey spectra (Figures 33-36) show that the nitrogen. «Uh 
a binding energy of 401 ev, is Incorporated in all cases. The oxygen 
content which Is about 11% for the oxidized LDPE decreases to S-9% for 
the amido-amine modified surfaces. This is consistent with the loss of 
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the hydro^yl of the carbo*ylic group for each coupling reaction. 
According to the quantitative XP$ analysis 1n Table 4. the 
ethyl enediaiMne gave the better yield If w look at the oxygen and 
nitrogen contents. However, it will be difficult to draw quantitatively 
any comparison between the three other polyaraines for the experimental 
error could be higher than 20% according to our experience. 

4 - 3 (fraternization of the LOPE Surface 
Alkylation of the flrnido-A<n1n& Modified LDPE 

Subsequent to the grafting of the araldo-amine groups on the LOPE 
surface we attempted to quaternlze the LDPE via the terminal amine group 
covalently attached to the surface. The reaction which might take place 
1s shown in Figure 37. 

In solution, the quaternf ration of a dlalkyl amine, for Instance, 
proceeds quite readily with relatively high conversions also under mild 
conditions (33,34). The product is easily characterized by several 
methods. For instance XPS will detect easily the haltde counterion. 
Also, chemical shifts due to the catlonlc character of the nitrogen can 
be easily seen with l Mm. 

Quaternlzation of amines attached to a solid substrate has not been 
reported in the literature as far as we could determine. However, 
several other kinds of organic synthesis In solid state phase are 
reported {47,54). All these studies concluded that there is no 
systematic correlation between solution chemistry and solid state 
chemistry. 



PACE 203/240 » RCVD AT 6/17/2005 5:38:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/25 " DNIS:2734796 * CSID:925-2264995 • DURATION <mm-ss):82-12 



From: Gerry J. Elman 



Date: 6/17/2005 Time: 5:39:34 PM 



Page 204 of 240 



68 



In our attempts to quaternlze {at room temperature) the amines 
attached to solid polyethylene according to the principles of solution 
chemistry, we obtained no evidence for such reaction. The XPS data show 
no iodide, as counterlon for the ammonium salt, 1f any, on the 
surface. Also, a quaternary ammonium group should provide high 
hydrophllicity with a contact angle near zero. The wetting behavior of 
our samples did not change. The presence of the organic solid 
substrate, we feel, 1s somehow Inhibiting this reaction. 

It Is reported (48.54) that the rate of chemical reaction at an 
Interface might Increase as in heterogeneous catalytic processes, 
enzymatic reactions, etc., or might decrease due to reduction of the 
relative accessibility and orientation of reactants. The motion of the 
reactants is also drastically decreased by the reduction of 
dimensionality of space. Consequently, the forces of solvation are also 
attenuated. Another reason for failure in a heterogeneous synthesis 
could come from the surface physics which night perturb reactivity as 
well: polymers tend to concentrate non polar functionality at their 
surfaces to minimize surface energy (35). Also, in the grafting of the 
amido-amine groups, we cannot rule out the possibility that both the 
terminal amine groups can react to form a surface with no nucleophUfc 
sites. This reaction is possible 1n at least two cases: with 
ethylenediamine and bis (ami nop ropy 1) piperazlne as shown below: 
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More severe reaction conditions such as rise In temperature up to 
60°C and longer reaction time up to 7 days, though could have provided 
more mobility, better solvation, then acceleration of the alkylatlon of 
the amine group had no effect, but development of side reactions of the 
alkylating agent. Also, If any ammonium groups are formed, degradation 
via Hoffman's mechanism is a possibility. As a consequence of all these 
difficulties we had to resort to another alternative such as a grafting 
of a vinyl monomer bearing a trialkyl ammonium group, 

4 - 3 - 2 Plasma- Indu ced Graft Polymerization of Vinyl Honomer Salt onto 

The synthesis of quaternary ammonium salts of dimethyl ami noethyl 
methacrylate (DMAEMA) and their polymerization have been extensively 
investigated and described in the patent litorature (55,23). Most of 
the monomeric salts are of a highly hydrophlltc character and find a 
wide range of applications such as water treatment, soil conditioning, 
antistatic treatment of textiles, etc. (23). 

On the other hand, very little 1s known about the graft 
polymerization of quaternary ammonium salts of DMAEMA onto solid 
surfaces . 
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Hgure 41. XPS spectrum for Q-DKAEMA. 



Table * 

Results -Atomic concentrations and ratios for Q-DMAEHA. 



X Atomic Concentration 






Atomic Ratios 


C 0 n | 




0/C 


H/C l/C 


74.53 14.06 5.98 $,43 


U) 




.OtiU .073 


69.20 15.4 7.7 7,7 


(t>) 







(a) = observed 

(b) * calculated 
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4.3.2.1 Quaternized monomer synthesis and characterization 

The alicylatlon of DMAEMA with methyl Iodide (Figure 38) was carried 
out 1n acetone and at 0°C because the reaction i 5 highly exothermic. 
The reaction was carried out In less than 2 minutes and 1n high 
yields. The monomer salt was characerized by l Htm (60 MHz) In 0 2 0 and 
by XPS. 

Figures 39 and 40 show the ! HKMR spectra of DMAEMA and Q-OMAEMA. A 
comparison of the two spectra shows that the methylene and methyl 
protons near the quaternary ammonium graup are shifted downfield because 
of the catlonlc character of the nitrogen. 

The XPS spectrin of Q-DMAEMA in the powder form Is shown In Figure 
41. It can be seen that the iodide peaks eoterge at about 620 and 631 
electron volts for the [3d s and ^electron orbltals, respectively. 
Wotlce that the high noise level 1n that spectrum 1s mainly due to the 
rough surface of the powder form of the analyte. Figure 42 shows an 
expansion of the iodide peaks. The quantitative XPS analysis (Table 5) 
indicates that about the same content of nitrogen (5.9BX) and Iodide 
(5.43%) incorporated to the surface. Talcing Into consideration the 
experimental error margin, this result is in good agreement with the 
theoretical stol chlometry which is a 1:1 ratio between Iodide and 
nitrogen. 

4-3-2.2 Plasma-induced graft polymerization 

The plasma-Induced graft polymerization technique involves a 
separation of the cold plasma treatment and grafting processes. The 
solid LOPE substrate Is first plasma treated alone (under vacuum) and 
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Table 6 

Results of plasma-induced grafting 
or vinyl monomers onto LDPE. 



Konomer 



Honomer Concentration Graftimj* 
in Water ' 3 



XPS Atomic Ratios 
K/C ifZ 



OHAEMA 
Q-DMAEMA 
Q-DMAEMA 
Art 

Cam] /[Q-OMAEMA] =2 

[AK]/Cq-0MAENA]-10 

CArt]/Cq-D«AEMA>20 



10QJE 
50 vrt.X 
10 wt.% 
20 wt.t 



No 
No 
No 
Yes 
Yes 
Yes 
Yes 



.071 
.018 

.028 
.Q20 



.01 
.01 
.02 



* Reaction Conditions 



Plasma: Power 2$ watts 
Pressure - 10* 2 to rr 



Time 
Gas 



- 90 seconds 
■ Argon 



Post-Po^yraerization: under vacuus, room temperature, 12 
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XPS ResuUs-Atomfc concentrations and ratios for plasma- 
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% Atomic Concentration Atomic Ratios 

8U - 01 ».3 5.7 .179 .071 
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then contacted with monomer. Graft polarisation Is Initiated by small 
concentrations of long-lived active specie* formed by the radiolytlc 
bond-oreakage of polyethylene and which remain trapped In the solid 
polymer (27,56). 

The monomers used were: dimethyl ami no-ethyl -raethacry late (DMAEMA). 
crlrnethyl quaternary ammonium salt of DttAEMA (Q- DMAEMA) , acrylamlde 
(AH), ana also conblnations such as AM/ Q- DMAEMA. 

Table 6 shows the preliminary grafting results and reaction 
conditions for the various monomers used. It could be seen that 
monomers such as D*AEKA and its anrconium salt ( Q- DMAEMA) could not be 
grafted, although they are easily homo polymerized in a honogeneous 
system (23). However. AM was effectively graft polymerized onto LDPE. 
The FT-IR/ATR data (Figure 43,44) clearly 'show the appearance of an 
intense primary amide absorption band at about 1660 cm' 1 and 1590 
cm" 1 . Also, notice the -NH 2 absorption band between 3100 and 3500 
do" 1 . Repeated washing of the graft with water decreased only slightly 
(<10X) the Intensity of the amide peak. 

The XPS spectrum (Figure 45) of the AM-grafted LDPE shows three 
aajor peaks: carbon Is at 265 ev. oxygen IS at 531 ev, and nitrogen Is 
at 40lev. From a theoretical standpoint, we expected a 1:1 ratio 
between the nitrogen and the oxygen. However, the experimental 
quantitative XPS data (Table 8} shows a higher oxygen than nitrogen 
content on the surface (|£ - 2 , 5 ) . This discrepancy might be due to 
water strongly adsorbed within the highly hydrophlllc coating of 
polyacryl amide. 
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F1 9 ure 4a. ^J^r^ln-ue^ graft copo^rfzatlon 
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On the other hand, graft copolyaerUation of Q-DMAEMA and AM also 
gave positive results. The FT-IK/ATR analysis (Figure 46) shows the 
appearance of a broad carbonyl peak. Expansion of the 1800-1500 cm'* 
region (Figure 47) clearly shows three absorption bonds: at 1739 cm" 1 a 
weak peak for the ^_ Q _ of Q-QMAEMA, and at 1662 crT* and 1590 cm^ 
for thB -C-NH 2 of w - ^ intensity of these peaks correlates fairly 
well with the molar ratio used ([AM]/[q-QMAEMA] = 20). 

Figure 48 shows the XPS spectrum of the AH/Q-OMAEMA grafted IDPE. 
The Iodine and nitrogen peaks at 619 and 401 ev, respectively, can be 
barely seen due to the low concentration of these elements on the 
surface. The expansion of the iodine and nitrogen peaks is shown In 
Figures 49 and 50. 

Both the FT-IR/ATR and XPS data provide evidence for the graft 
copolymerizatlon of AM and Q-DMAEMA. However, both methods show a lower 
grafting yield than with the acrylamide alone. The Inhibition of the 
growing chain could be attributed to the Q-DMAEKA monomer because 
somewhat better grafting is obtained with only AM or where AM Is used 1n 
excess during copolymerization (Table 6). Several reasons could be 
considered for the low graft copolymerizatlon of Q-DMAEMA. First, the 
monomer is sterically hindered by the bulky trlalkyl anwonium group, 
which then decreases the rate of propagation of the polymer chain 
(53). Second, the surfactant nature of the monomer might lead to 
micelle formation. It has been reported that the kinetic behavior of 
polymerization of certain vinyl pyridinlum salts Is drastically 
decreased by monomer aggregation (57). Third, chain transfer reaction 
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from the growing methacrylate to »onomer or solvent Is also possible 
<53). Since no Initiator Is present, no reinitatlon Is possible. 
Fourth, the reaction conditions (tine, temperature. Inert atmosphere) 
are yet to be optimized. Fifth, there Is still a controversy regarding 
the nature of the active species as already mentioned in Section 
3.2.3.3. 



*'* 6raft Polymerization of Acr*i am ide onto LDPF h r Ce*+ Initiate,, 
Redox initiation Is often an efficient method of inititing graft 
polymerization. Hydroxyl-containing polyners such as poly (vinyl 
alcohol), cellulose, and starch undergo redox reaction with carle ion to 
for. poller radicals. In our study. we generated hydroxyl groups on 
the LOPE surface and were able to graft polymerize acrylamide onto It. 

^•♦•l Otborane Reduction of Oxidised LDP£ 

In order to generate hydroxyl groups on the LOPE, we used the 
dlborana/THF complex to reduce the carbonyls present on the oxidized 
LOPE to alcohols (Figure 51. Step I), oiborane Is known to selectively 
reduce carboxylic groups, however, extensive reduction also converts 
aldehydes and ketones to alcohols (35). 

The effect of the diborane reduction 1s well illustrated by the FT- 
IR/ArR analysis. fi gur « 52 and 53 refer to the oxidized and reduced 
rilms. respectively. In Figure 53, the carbonyl peak disappeared almost 
completely. The FT- IR/ATR analysis does not show yet the absorption 
peat of the hydroxyls. probably because their absolute number o* the 
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dtborarte reduction. 
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Figure 54. FT- IR/ATR spec trun, for the nuoroester rifled LOPE. 
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: - XPS spectrum for the fluoroester modffled LDPE. 



Table 8 



XPS Results-Atomic concentration and ratios for the 
fluoroester modified LDPE. 



X Atomic Concentration 


Atomic 


Ratios 


C 0 F 


U/C 


f/c 


8»-2 7,1 4.7 




.053 
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surface 1, „* Mflh enough tQ ^ ^ ^ ^ 

However, « resorted to , denization technique to bring evidence of 
the alcohol-like LOPE surface. 

4 '*- 2 P«r1 vat 1 tat I on of Surface Alr«h«u 

In order to obtain evidence for the p resen£ e of hydro*yl 9 roup on 
the LOPE 5ur face we used a derlvatlmlcn technique. Trifluoroacetlc 
anhydride wa, reacted with the hydroxy!* on the surface to yie.d ester 
linkases (Figure si. Step II). Tni , reaction was easily carried out and 
the fluoroester groups show very well at 1784 cn'l 1„ the f I-ir/atr 
spectra (Figures 54 and 55). F, gure S5 shows the expansion of the 
carbonyl peak where a shift to higher wavenunber (1784 cm'1) is seen. 
This shift and the high intensity of the ester group Is due to the 
higher dipole monent cnan9e induced by the h)gh]y e]ectronegatf¥e 
fluorine atoms. 

The XPS analysis (Figure 56 and TaMe 8) confirm the formation of 
the fluorinated ester. The florlne IS and oxygen IS pea)c S can be seen 
at 689 ev and 531 ev, respectively. 

Beth the FT-IR/ATR and XP$ data give clear evidence that the 

reduction of the surface carbonyls ( ? ? ? > lnH , 

v 1 -C-OH' -C-* -C-H ' led t0 * n 

alcohol-like surface. 



4 * 4 ' 3 6raft of Polyacrylannde ontn hipf 

Graft copolymerizatlon of vinyl monomers onto hydroxyl -bearing 
substrates by Ce* induced initiation is an effective synthetic method 
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Ce 4+ * R-CRjOH ~^ B A* Ce 3 % K + f fNCHOH 

(or R-ch 2 o ) 



Figure 57. Interaction scheme between Ce 4+ 
and an alcohol . 
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Figure 58. FT-IR/ATR spectrum for Ce 4+ - induced craft 
polymerization of AM onto LOPE 9 
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Table 9 

XPS Results-Atomic concentrations and ratios for Ce 4+ - 

mduced graft polarization of AM onto LDPE. 



% Atomic Concentration Atomfc Ratios 



0/C H/C 



".8 14.9 15.3 Ca) .214 .21* 

60 20 20 (b) 

(a) = observed 
(oj - calculated 
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due to it, illicit, and controllability (31). it j s senera „ y 
believed that the Interaction of alcohols and Ce«* proceeds by formation 
of a coordination complex which then dUproportlonates to for- a free 
radical (30); a mechanism is show, in Figure 57. The free radical then 
Induces polymer izat ion if any vinyl monomer is present. 

The eerie Ion method Is usually used with homogenous system and 
heterogeneous systems where the substrate <s swollen by solvent. In our 
study, the hydroxyl-bearing substrate is not swollen by solvent. 

Figure 58 shows the FT-IR/ATR spectrum of the eerie ion graft 
polymerization of A* onto LDPE. An intense amide peak can be seen in 
the 1690-1550 cn-1 region. Another Intense peak shows up at U2S cm'1 
corresponding to the ether group by which polyacryl amide 1, attached to 
the substrate. Exhaustive extraction in soxhlec with various solvents 
(CH 3 0H, acetone, water) decreased only very slightly the amide peak. 

The HPS analysis (Figure 59) shows 3 major peaks: carbon IS at 285 
ev. oxygen IS at 531 ev, and nitrogen is at 401 ev. The quantitative 
XPS analysis (Table 9) confirms that a substantial grafting has 
occurred. If we make the rough assumption that the polyacryl amide 
chafns are perpendicularly oriented to the surface and 1f we consider a 
thickness of 10 monolayers (- SOA) which Is the average scanning depth 
of XPS. then It comes out that the theoretical and experimental atomic 
concentrations correlate well (Table 9). The discrepancy between the 
two results 1s within a reasonable range If we ensider the effect of 
hydrocarbon contamination In the analysis chamber (41) and the operator- 
dependent experimental errors particularly from the quantification of 
the areas. 



v 
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A comparison between plasma- Induced an* 

H.«nw induced and the cerlun-fnduced graft 
polymerization of AM shou* th** *^ , 

yield. The main difference hot.*.- <.k . 

"° SySt8mS is 1n the 'nutation 

processes. 
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5 CONCLUSIONS 

I" this study. „ evaIuated nove] supface B(>d|f1eit|ons af L(jpE 
Cow density polyethylene,. Thfee rathods p8]eym tQ ^ wnt)ias(s ^ 
highly hydrophi.ic surfaces for antibacterial activity and ce„ adhesion 
i-Pw^nt were studied. The fo.lo-ing conclusions can b e drawn. 

5 - 1 Cnemfcal Modification 

1. Ch™. c acid oxidation produced a M 9 „, y polarJzed surfaC9 ^ 
containing carbo^l groups. 

2. DCC was an effective derating agent for the coupling of carboxy, 
and a m ine groups. The resu.tlng covalent anide bond was 5t ro„ 9 ,y 
attached to the surface. 

3. nation of the tergal a.Mne 9 ro up attached t0 thg swfM 
through the anlde M was not possible. The inhibition of the 
reactivity of the a.lne could be rcinly due to sterlc effect fnm 
the substrate. 

5,2 pl *sma- Indu ced Graft Polarization 
1. Acry.anide (AH) was successful* ,rafted onto LOPE, thus yielding a 
highly hydrophillc surface. 
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2. The ammonium salt of dimethyl ami noethy I nethacrylate (Q-ONAEMA) 
could not be grafted onto LDPE. Steric effect and aggregation of 
the monomer could be the limiting factors, 

3. The graft polymerization of AM and Q-OMAENA was successfully graft 
copolymer! zed onto LDPE. 

4. The previous t*g conclusions suggest that plasna-lnduced 
polymer izat ion is selective towards monomers « this selectivity is 
not yet wel 1 understood. 

5. Although the yields are still low, it was proved that the grafting 
of ammonium groups onto a highly hydrophobic surface Is possible. 
Optimization of the experimental parameters should provide high 
grafting yields. 

5.3 Ce**- Induced Graft Polymerization of AH onto LDPE 

1. Diborane reduction of carboxyllc groups was effective to generate 
hydroxy Is on the surface of LDPE. 

2. Ce 4 * was proved to be a useful initiator system for the graft 
polymerization of AM onto LOPE, This could be extended to other 
vinyl monomers for specific surface modifications. 

3* The FT-IR/ATR peak intensity of the acryl amide proved that a 
substantial grafting was obtained, 

5.4 Characterization 
1. XPS proved to be a valuable technique for elemental and chemical 
structure analyses. However, contamination due to a poor vacuum 
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6 FUTURE WORK 



For future work we suggest the ^ ^ 

modification procedure. 

6 * 1 Chemical Modification 

1. Chr^ic ac,d oxidation of „ ne ar lo „ denjity ^ 
would provide a more homogeneous oxloired surface. 

2. Use of longer spacer between the covalently attached anin. group 
throu 9 h an amice Hnkage. This Mu1d provfde Mn ^ 
be«er solvation, thus a decreased steMc effect and an enhanced 
reactivity of the amine. 

3. Use of other ,UyUt1„ 3 agent, such „ dlaethylsulfite which 1s aore 
stable than alkyl , 0 d,des, therefore could withstand nore severe 
reaction conditions. 

4. Attachment of an alky, ha „de to the LOPE surface and subsequent 
reaction with a tertiary a«1ne could be a good a.ternative for 
synthesis of a quaternary anunontum ar0Up . 

«-Z Plasma- induc ed Polmerizatlnn 

1. movement of the olas™ reactor regarding the vacuu*. A better 
vacuu™ (l0 -S. l0 -4 torr) should ppov1de stabjjfty ^ 

reactive species. 
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2. Use of other gases such as 0 2 and water vapor to generate active 
species on the solid substrate. 

3. Optimize the effect of operating parameters: power, tine. 

4. Investigate the use of other solvents on the effect of rate of 
polymerization. 

5. Investigate other monomers and substrates. 

6,3 Ce 4 +-Induce d Graft Polymerization of AH onto LDPE 

1. Study the effect of Initiator and cnonoir»er concentrations and compare 
with similar reactions 1n a homogeneous system* 

2. Study the extent of howopolymar formation. 

3. Study the effect of adding the reactants 1n different sequences such 
as 

(a) (1) substate + Ce 4+ 
(2) add monomer 

(b) (1) substrate + mononer 
(2) add Ce 4+ 

(c| <L) substrate + Ce 4+ 

(2) remove excess Ce 4 * 

(3) add monomer . 
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